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Abstract
Physical activity and sedentary behaviour have been associated with several health
outcomes among adults and school-aged children. In addition, the evidence base linking
physical activity and sedentary behaviour to health outcomes in preschool-aged children
is increasing. Yet, a major issue in this field of research is the accuracy of methods used
to measure physical activity and sedentary behaviour in 4- to 6-year-old children.

Currently, hip-mounted accelerometers such as the ActiGraph and Actical are the most
common devices used to objectively measure free-living physical activity and sedentary
behaviour in preschool-aged children. Several calibration studies have been conducted
to develop equations and cut-points to predict energy expenditure and classify physical
activity intensity or sedentary behaviour in young children. However, the resulting
equations and cut-points differ substantially among calibration studies. As a result,
researchers are challenged with the decision of which equation and/or cut-point to use to
estimate energy expenditure or time spent physically active. The choice of an accurate
equation or cut-point is of great importance as the use of different cut-points results in
significant differences in the reported outcomes such as time spent in different physical
activity intensities. Another problem with hip-mounted accelerometers is their inability
to differentiate between sitting and standing. This is of importance when examining
sedentary behaviour which is defined as any activity with an energy expenditure value
of less than or equal to 1.5 times resting metabolic rate while in a sitting or reclining
position. More recently a thigh-mounted accelerometer (the activPALTM) has been
developed to measure posture and postural changes. However, the validity of the
activPALTM for examining sedentary behaviour in preschool-aged children remains
unclear.
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To overcome aforementioned issues, methodological studies comparing the accuracy of
current accelerometer equations and cut-points against appropriate criterion measures in
preschool-aged children are needed. The outcomes of such studies might improve the
consistency of physical activity and sedentary behaviour measurement in this age group.
Therefore, the primary aim of this thesis was to examine the validity of several
accelerometer cut-points and equations developed to classify physical activity intensity
and sedentary behaviour, and to estimate energy expenditure in preschool-aged children.
Additionally, the validity of the activPALTM for assessing sedentary behaviour, physical
activity and energy expenditure was investigated. The aims were addressed by
simultaneously examining current ActiGraph and Actical energy expenditure equations
and cut-points against energy expenditure measured by room calorimetry and physical
activity intensity classified by direct observation. In addition, the validity of the
activPALTM for classifying sedentary behaviour and moderate- to vigorous-intensity
physical activity, and estimating energy expenditure in preschool-aged children was
examined against these criterion methods. The studies in this thesis will make a unique
contribution to the evidence related to the objective measurement of physical activity
and sedentary behaviour in preschool-aged children.

The first study described in this thesis explored the feasibility of the use of a room
calorimeter in preschool-aged children. In total, 40 children, aged 4- to 6-years, were
recruited to the study and asked to follow a graded activity protocol while in a room
calorimeter. In addition, six children participated in two additional resting protocols to
examine the effect of a light standardised breakfast followed by a 90-minute fast on
resting energy expenditure measures. The results of this study supported the use of
room calorimetery in preschool-aged children. In addition, the effect of a light
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standardised breakfast followed by a 90-minute fast on resting energy expenditure
appeared to be small. Nevertheless, measured resting energy expenditue values were
slightly higher than predicted resting energy expenditure using the Schofield equation.
The biological importance of this difference is unclear. Therefore, the use of predicted
resting energy expenditure was recommended for future studies where an overnight fast
is not feasible.

The studies reported in Chapter 4 and Chapter 5 examined the predictive validity of
ActiGraph and Actical energy expenditure equations, respectively. In addition, the
classification accuracy of current accelerometer cut-points was tested. For these studies,
40 children completed a 150-minute activity protocol involving age-appropriate
sedentary, light- and moderate- to vigorous-intensity physical activities. Energy
expenditure measured by room calorimetry and physical activity intensity classified by
direct observation were used as criterion measures. The results of these studies showed
all Actical equations and the ActiGraph equation developed by Pate et al. performed
reasonably well when predicting energy expenditure during moderate- to vigorousintensity physical activity. However, none of the equations estimated energy
expenditure accurately over the complete range of intensities. For the Actical, the
classification accuracy was highest when using cut-points of ≤ 6 counts per 15 seconds,
between 7-286 counts per 15 seconds, and ≥ 287 counts per 15 seconds for sedentary
behaviour, light-intensity physical activity and moderate- to vigorous-intensity physical
activity, respectively. For the ActiGraph, using cut-points ≤ 25 counts per 15 seconds,
between 26-419 counts per 15 seconds, and ≥ 420 counts per 15 seconds resulted in the
highest accuracy for classifying sedentary behaviour, light-intensity physical activity
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and moderate- to vigorous-intensity physical activity, respectively, in preschool-aged
children.

In Chapter 6, the validity of the activPALTM for assessing postural allocation was
examined using direct observation as the criterion measure. The activPALTM showed
good (ROC-AUC = 0.84) classification accuracy for sitting/lying (i.e. sedentary
behaviour), whereas classification accuracy for standing and walking was found to be
fair (ROC-AUC = 0.76 and 0.73, respectively). Nevertheless, time spent sitting/lying
and standing was overestimated (mean difference = 5.9% and 14.8%, respectively) and
time spent walking was underestimated (mean difference = 10.0%). In addition, the total
number of breaks in sedentary behaviour was overestimated (mean difference = 35).
One of the factors influencing the accuracy of the activPALTM appeared to be the
classification of activities defined as ‗other‘, such as kneeling down on one knee. It was
recommended future studies should examine the importance of classifying these
postures before conclusions around the validity of the activPALTM in preschool-aged
children can be made.

The study in Chapter 7 examined the predictive validity of the energy expenditure
equation embedded in the activPALTM software. Additionally, an activPALTM cut-point
for the classification of moderate- to vigorous-intensity physical activity was developed
and validated. The activPALTM energy expenditure equation overestimated energy
expenditure during sedentary behaviour whereas energy expenditure during light- and
moderate- to vigorous-intensity physical activities was underestimated. Further
development of this prediction equation is needed before it can be used with confidence
in studies examining energy expenditure among preschool-aged children. For the

viii

Abstract
classification of moderate- to vigorous-intensity physical activity, an activPALTM cutpoint of ≥ 1418 counts per 15 seconds was established with excellent classification
accuracy. In addition, validation of this cut-point in a separate sample resulted in good
classification accuracy for moderate- to vigorous-intensity physical activity (ROC-AUC
= 0.88). However, studies validating this cut-point under free-living conditions are
needed to confirm its accuracy for assessing habitual moderate- to vigorous-intensity
physical activity in preschool-aged children.

To conclude, this thesis aimed to provide evidence to better understand the accuracy of
methods used to objectively measure physical activity, sedentary behaviour and
estimate energy expenditure in preschool-aged children. If implemented consistently the
recommendations from the reported studies could improve measurement accuracy and
comparability between studies in this age group. The decision as to which methodology
to use depends on the research question under investigation. Using the accelerometer
physical activity cut-points identified as most accurate in this thesis might be the best
available approach when examining physical activity intensities and/or adherence to
current guidelines. However, if sedentary behaviour is the focus of the study, using the
activPALTM accelerometer might be an appropriate alternative to using physical activity
intensity cut-points. Finally, approaches more refined than single linear regression
equations might be needed to accurately predict free-living energy expenditure from
accelerometer data in preschool-aged children.

ix

Publications from the Thesis

Chapter 3
Janssen, X., Cliff, D. P., Okely, A. D., Jones, R. A., Batterham, M., Ekelund, U., Brage,
S. & Reilly, J. J. (2013) Practical utility and reliability of whole-room calorimetery in
young children. British Journal of Nutrition 109(10): 1917-1922.

Chapter 4
Janssen, X., Cliff, D. P., Reilly, J. J ., Hinkley, T., Jones, R. A., Batterham, M.,
Ekelund, U., Brage, S & Okely, A. D. Predictive validity and classification accuracy of
ActiGraph energy expenditure equations and cut points in young children. PlosONE
(Provisionally accepted pending minor revisions)

Chapter 5
Janssen, X., Cliff, D. P., Reilly, J. J ., Hinkley, T., Jones, R. A., Batterham, M.,
Ekelund, U., Brage, S & Okely, A. D. Evaluation of Actical equations for predicting
physical activity intensity in young children. Journal of Sport Sciences (Under Review)

Chapter 6
Janssen, X., Cliff, D. P., Reilly, J. J ., Hinkley, T., Jones, R. A., Batterham, M.,
Ekelund, U., Brage, S & Okely, A. D. Validation of activPALTM defined sedentary time
and breaks in sedentary time in 4- to 6-year-olds. Pediatric Exercise Science (Accepted
on 17 August 2013)

xi

Publications from the Thesis
Chapter 7
Janssen, X., Cliff, D. P., Reilly, J. J ., Hinkley, T., Jones, R. A., Batterham, M.,
Ekelund, U., Brage, S & Okely, A. D. Validation and calibration of the activPALTM for
estimating METs and physical activity in 4- to 6-year-olds using direct observation and
room calorimetry. Journal of Science and Medicine in Sport (Provisionally accepted
pending minor revisions).

The research reported in this thesis was funded by a National Heart Foundation of
Australia Grant-in-Aid*. Xanne Janssen was supported by a University Postgraduate
Award and an International Postgraduate Tuition Award from the University of
Wollongong.

In all cases of work that have been published, presented and submitted for publication,
the greater part of the work is directly attributable to me, as a PhD candidate.
Supervisors and co-authors have been involved in the formulation of research ideas and
in editing manuscripts. All investigations, analyses and reporting have been carried out
solely by me, in keeping with the requirements of my candidature.

* Okely AD, Reilly JJ, Ekelund U, Brage S, Cliff D, Jones R. Lillioja S, Batterham M. (2010-2012)
Validity of energy expenditure equations in pre-school children: A whole body calorimeter study. Heart
Foundation of Australia Grant-in-Aid (G 09S 4441)

xii

Acknowledgements

“Alone we can do so little; together we can do so much”.
(Helen Keller)

Never would I have gotten this far without the help and support from many people
around me. Therefore, I‘ll start with a very big thank you to everyone who has been part
of this journey.

A special word of thanks to my supervisors: Professor Tony Okely, Dr Dylan Cliff and
Dr Trina Hinkley. Thank you for all your support over the last 3.5 years. Never could I
ask a question too many, always an open door. I could not have had a better team
around me.

Tony, thank you for giving me the opportunity to come to Australia and be part of your
wonderful team. For your guidance, understanding and support which have gone far
above and beyond what was required from you. Thank you also for providing me with
every opportunity possible to collaborate on other projects and develop my research
skills. Dylan, thanks for the many hours you sat down with me talking measurement and
providing valuable feedback. For sharing your knowledge, getting me back on track
when I was about to lose it, and for always being so enthusiastic and positive. I truly
enjoyed working with you. Trina, thanks for your never ending patience, encouragement
and advice, but most of all for your friendship. Your support and advice have helped me
to develop both professionally and personally. I do truly hope our friendship will last no
matter where in the world I end up!

xiii

Acknowledgements
A special word of thanks to Professor John Reilly for sharing your expertise and hosting
me at Strathclyde University. The time I spent with you and your team have been a
great experience. I truly hope we continue working together in the future. Also thanks to
Rachel, Ulf, Søren and Marijka, for answering the many questions I fired at you and
always providing valuable feedback on the manuscripts.

To the team in building 22, for all your encouragement, sharing my love for Subway
Friday cookies and most of all for your friendship. I feel very fortunate to be part of
such a great team. Stewart - aka Rookie - thanks for your listening ear, advice and the
many laughs we shared. I‘m glad I got to know you and I‘m glad I can call you my
friend. Anne-Maree thanks for always checking in on me and making sure the muffin
supply in office 106 never ran out. Penny for all those early mornings you were in on
time to open the door when I once again had forgotten/lost my key. Tamara for
providing me with the best hot chilli‘s in town. Christel, Anja en Yvonne bedankt voor
de gezellige koffiehoek gesprekjes en voor het in stand houden van mijn Nederlands. A
thank you to Lauren, you left our team pretty soon after I started but we stayed in
contact throughout, and your support and friendship is hugely appreciated. Also thanks
to Kristy, Annaleise, Abi, Val, Eveline and Matt, for the fun times we had when you
were part of our team! A special word of thanks to Hannah for watching endless hours
of direct observation data, I would have still been going if it wasn‘t for you. To Harry,
for all the hours you spent helping me with the room calorimeter. And last but definitely
not least to Mel, where would I have been without you. Your help with the recruitment
and measurements has been invaluable. Working with you was a pleasure!

xiv

Acknowledgements
Thanks to all my friends in Australia. To Nicky, you crack me up in a way only you
can! I will never forget our gorgeous hike on the coastal trail, the stress I caused you for
not being prepared according to ‗Ridgers standards‘ and the old people‘s faces when
you disturbed their quiet lunch by screaming ‗whale whale‘ when you obviously spotted
a whale. To Ana your support has been great. Thanks for all the encouragement and
much needed coffee breaks. Special thanks to Laia, you became my housemate during
the last 1.5 years and your support has been great. Thanks for your patience and the
little treats I would find coming back from a hard training session or a long day in the
office.

Al mijn vrienden thuis, merci! Martine, al 3.5 jaar vele kilometers van elkaar vandaan
maar wanneer we kletsen is het alsof ik niet weg ben geweest. Goede vriendschap
overleeft de afstand en jij hebt dat bewezen! Eef je trip naar naar hier was super en
hoewel we elkaar minder spreken dan we zouden willen is het ook met jou bij
thuiskomst alsof ik niet ben weg geweest. En dan natuurlijk Joyce, waar moet ik je
plaatsen familie of best friend? Het maakt niet uit, feit is dat ik je support over de jaren
super waardeer. Jij was er altijd voor mij zelfs als je het zelf even niet zo makkelijk had!
Thanks!!

To a group who can‘t be missed, the Illawarra Triathlon Club. There are with too many
of you to name but being part of this club is one of the best things that has happened to
me in the last 3.5 years. Never have I been part of a group with such unique and
incredible people. The support of everyone has been unheard off. You are the reason I
call Wollongong home! THANKS! Thank you to the bunch and Challenge Training
crew, Ana, Jono, Carolyn, Rodgers, Katrina, Sophie, Newman, Cathie, Hugh, Crowie

xv

Acknowledgements
and Des. Training with you was always fun and a welcome distraction from my PhD
work. A special word of thanks to Coach 1 and 2, Jacob and Newman, for your
guidance during my Ironman journey! Also to Steve van Gils for showing me the many
beautiful trails around the Illawarra. Running on these definitely kept me sane during
the last half year of my PhD. To Roope, your teasing English humour always brought a
smile to my face! To Julie and Wil, you guys arrived ‗home‘ during my last year but the
support and much needed distractions from my PhD during this time have been great
and much appreciated. And last, a very special and big thank you to my training buddies
from the start Ashley, Burgo and Simo. How would I have survived out here if I did not
know that a purse and a wallet are two distinct things, a ‗congo-longo line‘ has nothing
to do with the country and when we ride to woop woop we will actually never get to a
place called woop woop? Hours and hours we spent together swimming, riding, running
or just socialising but never a dull moment. Guys, I cannot tell you how much our
friendship means to me, thanks for everything, you‘re the best!

Thank you to my Australian family. Jenny and Doug what you have done for me over
the years is incredible. You‘ve looked after me as if I was your own daughter and I can
never ever thank you enough for that. Daniel and Matthew thanks for treating or should
I say teasing me as if I was your own sister. And of course to Jess my roomie, my
friend, my Aussie sister. Thanks for listening to me, for not killing me when we got lost
during our mountain bike trip in Tasmania and for the endless times we laughed till
tears were rolling down our cheeks.

En als laatste natuurlijk mijn lieve familie, bedankt allemaal. Een speciaal woordje voor
Kim en Frank. Jullie support is oneindig, de vele lieve kaartjes en pakketjes zeer

xvi

Acknowledgements
gewaardeerd en dan dat kleine kereltje van jullie to die for! Thymo, je bent nog te klein
om het te snappen maar jou lieve ontdeugende lach en kushandjes waren de beste
aanmoediging die ik maar kon krijgen. En als laatste mam en pap, ik kan jullie niet
genoeg bedanken. Bedankt ook voor alle steun over de afgelopen 3.5 jaar. Het was voor
jullie niet makkelijk om mij te zien vertrekken maar altijd was er de aanmoediging om
er voor te gaan. Vooral ook bedankt voor de jaren ervoor. Er zijn tijden geweest waarin
niemand dacht dat ik het zo ver zou schoppen maar jullie bleven me pushen zelfs al was
het soms makkelijker geweest voor jullie om op te geven. Bedankt, zonder jullie was ik
hier nooit gekomen.

xvii

Table of contents

Certification .................................................................................................................... iii
Abstract ............................................................................................................................ v
Publications from the Thesis ......................................................................................... xi
Acknowledgements ....................................................................................................... xiii
List of Tables .............................................................................................................. xxiii
List of Figures .............................................................................................................. xxv
Chapter 1

Introduction ................................................................................................ 1

Chapter 2

Background ................................................................................................ 9
2.1

Physical activity, sedentary behaviour and health in preschoolaged children .................................................................................... 11
2.1.1 Physical activity.................................................................... 11
2.1.2 Sedentary behaviour ............................................................. 13

2.2

Prevalence and trends in physical activity and sedentary
behaviour .......................................................................................... 15

2.3

Measurement of physical activity, sedentary behaviour and
energy expenditure ........................................................................... 20
2.3.1 Objective measures of energy expenditure ........................... 21
2.3.2 Objective measures of physical activity and sedentary
behaviour .............................................................................. 23
2.3.3 Strengths and limitations of accelerometry .......................... 31
2.3.4 Calibration and validation of accelerometers ....................... 33
2.3.5 Issues related to measuring physical activity and
sedentary behaviour using accelerometry............................. 45

xix

Table of contents
Chapter 3

Practical utility and reliability of whole-room calorimetry in
young children .......................................................................................... 48

Chapter 4

3.1

Introduction ...................................................................................... 50

3.2

Methods ............................................................................................ 51

3.3

Results .............................................................................................. 58

3.4

Discussion ........................................................................................ 62

Predictive validity and classification accuracy of ActiGraph
energy expenditure equations and cut-points in young children ........ 66

Chapter 5

4.1

Introduction ...................................................................................... 68

4.2

Methods ............................................................................................ 69

4.3

Results .............................................................................................. 77

4.4

Discussion ........................................................................................ 83

Evaluation of Actical equations for predicting physical activity
intensity in young children ...................................................................... 88

Chapter 6

5.1

Introduction ...................................................................................... 90

5.2

Methods ............................................................................................ 93

5.3

Results .............................................................................................. 98

5.4

Discussion ...................................................................................... 106

Validation of activPALTM defined sedentary time and breaks in
sedentary time in 4- to 6-year-olds ....................................................... 114
6.1

Introduction .................................................................................... 116

6.2

Methods .......................................................................................... 118

6.3

Results ............................................................................................ 122

6.4

Discussion ...................................................................................... 128

xx

Table of contents
Chapter 7

Validation and calibration of the activPALTM for estimating
METs and physical activity in 4- to 6-year-olds using direct
observation and room calorimetry ....................................................... 134

Chapter 8

7.1

Introduction .................................................................................... 136

7.2

Methods .......................................................................................... 138

7.3

Results ............................................................................................ 143

7.4

Discussion ...................................................................................... 147

Discussion ............................................................................................... 152
8.1

Overall discussion .......................................................................... 154
8.1.1 Aim 1: the feasibility of a protocol for room
calorimetry in 4- to 6-year-old children ............................. 154
8.1.2 Aim 2: the validity of existing ActiGraph and Actical
equations and cut-points for predicting physical activity
energy expenditure and categorising physical activity
intensity among preschool-aged children ........................... 156
8.1.3 Aim 3: the validity of the activPALTM for determining
time spent in different postures, physical activity
intensities and estimating physical activity energy
expenditure ......................................................................... 165

8.2

Strengths and limitations ................................................................ 169

8.3

Implications for future research ..................................................... 172

8.4

Conclusions .................................................................................... 175

References .................................................................................................................... 178
Appendix A Peer-reviewed paper arising from this thesis ...................................... 192
Appendix B Ethics approval ...................................................................................... 200

xxi

Table of contents
Appendix C Recruitment flyer ................................................................................... 204
Appendix D Information booklet ............................................................................... 208
Appendix E Parent information sheet ....................................................................... 224
Appendix F Parent consent form............................................................................... 230

xxii

List of Tables

Table 2.1 Physical activity recommendations for young children .................................. 18
Table 2.2 Sedentary behaviour recommendations for young children ........................... 19
Table 2.3 Validity and reliability of direct observation systems used in preschoolers ... 26
Table 2.4 Accelerometer specifications of devices used in this thesis ........................... 30
Table 2.5 ActiGraph calibration studies.......................................................................... 37
Table 2.6 Actical calibration studies ............................................................................... 38
Table 2.7 ActiGraph and Actical validation studies ....................................................... 42
Table 2.8 activPALTM validation studies in preschool-aged children............................. 44
Table 2.9 Aims and research questions for the studies described in the following
chapters ........................................................................................................... 46
Table 3.1 Whole room calorimetry protocol ................................................................... 56
Table 3.2 Participants characteristics .............................................................................. 58
Table 4.1 Calibration studies developing ActiGraph cut-points and equations used
among preschool-aged children ...................................................................... 76
Table 4.2 Participant characteristics ............................................................................... 78
Table 4.3 Included data ................................................................................................... 80
Table 4.4 Sensitivity, specificity, and area under the ROC curve for the
classification of sedentary behaviour, light- and moderate- to vigorousintensity physical activity ............................................................................... 81
Table 4.5 Sensitivity, specificity and area under the ROC curve for the
classification of sedentary behaviour, light- and moderate- to vigorousintensity physical activity ............................................................................... 82
Table 5.1 Actical cut-points and equations for children ................................................. 92

xxiii

List of Tables
Table 5.2 Participant characteristics ............................................................................... 99
Table 5.3 Activity energy expenditure for the calorimeter and Actical equations ....... 101
Table 5.4 Sensitivity, Specificity and area under the ROC curve for the
classification of sedentary behaviour, light- and moderate- to vigorousintensity physical activity ............................................................................. 104
Table 5.5 Sensitivity, Specificity and area under the ROC curve for the
classification of sedentary behaviour, light- and moderate- to vigorousintensity physical activity ............................................................................. 105
Table 6.1 Participant characteristics ............................................................................. 123
Table 6.2 Sensitivity, specificity and ROC-AUC for sit/lie, stand and walk................ 126
Table 7.1 Participant characteristics ............................................................................. 143
Table 7.2 ROC analysis for development and cross-validation of activPALTM
moderate- to vigorous-intensity physical activity intensity thresholds ........ 146

xxiv

List of Figures

Figure 3.1 Flow of participants through the study .......................................................... 59
Figure 3.2 Mean resting energy expenditure ................................................................. 61
Figure 3.3 Resting energy expenditure (REE) at different time points in the
fasting protocol ............................................................................................... 61
Figure 4.1 Selection procedures for including valid epochs ........................................... 77
Figure 4.2 Measured versus predicted mean energy expenditure values ........................ 79
Figure 5.1 Measured versus predicted activity energy expenditure values .................. 100
Figure 6.1 Time classified as sit/lie, stand, walk or other by direct observation and
the activPALTM. ............................................................................................ 127
Figure 7.1 Metabolic equivalent values (METs) measured by the calorimeter versus
predicted METs using the activPALTM equation .......................................... 144
Figure 7.2 Bland-Altman plots depicting mean bias and limits of agreement .............. 145
Figure 8.1 Comparison of ActiGraph and Actical energy expenditure equations ........ 159

xxv

Chapter 1
Introduction

Introduction
Physical activity and sedentary behaviour are associated with health outcomes in adults
and school-aged children (Bauman et al., 2002; Cliff et al., 2013; Janssen and LeBlanc,
2010; Mitchell et al., 2012; Santos et al., 2013; Thorp et al., 2011). However, the
evidence linking physical activity and sedentary behaviour with health outcomes in
preschool-aged children is less consistent, with studies reporting contrary results when
examining the association between different physical activity intensities, sedentary
behaviour and health (LeBlanc et al., 2012; Timmons, Naylor and Pfeiffer, 2007;
Timmons et al., 2012). Additionally, reported physical activity and sedentary behaviour
prevalence rates for preschoolers vary widely between studies (Cardon and De
Bourdeaudhuij, 2008; Colley et al., 2013; Hinkley et al., 2012; Vale et al., 2010a; Van
Cauwenberghe et al., 2012a). Differences in the methods used to define physical
activity intensity and sedentary behaviour among preschool-aged children may explain
some of the inconsistent findings between studies (Beets et al., 2011).

In addition to providing evidence on the associations between physical activity and
sedentary behaviour and health, and on accurately determining the prevalence of these
behaviours, the ability to validly and reliably measure physical activity and sedentary
behaviour is important for: 1) identifying the intensity and dose required for health
outcomes to occur; 2) identifying the determinants of physical activity and sedentary
behaviour, and 3) examining the efficacy and effectiveness of physical activity and
sedentary behaviour interventions, in preschool-aged children. Several instruments,
such as direct observation, doubly labelled water or room calorimetry, can be used to
accurately measure physical activity, sedentary behaviour and/or energy expenditure
among preschool-aged children. However, their use in large-scale free-living studies is
limited for several reasons, such as time and financial costs or participant and researcher
3
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burden. This has led to accelerometry becoming the method of choice for objectively
measuring children‘s free-living habitual physical activity and sedentary behaviour
(Trost, 2007). Nevertheless, a number of methodological issues surround the use of
accelerometers in preschool-aged children.

The main problem researchers are faced with when using accelerometry to either predict
energy expenditure or classify physical activity intensity in preschool-aged children is
the decision on how to analyse their data. Traditionally, researchers have used counts
per time frame and converted these counts into either energy expenditure or physical
activity intensities using accelerometer energy expenditure equations or physical
activity intensity cut-points. However, inconsistency exists in the equations and cutpoints used to estimate energy expenditure or classify physical activity intensity from
accelerometry output. For example, for the two most commonly used accelerometers,
the ActiGraph and Actical, several different equations (Freedson, Pober and Janz, 2005;
Heil, 2006; Pate et al., 2006; Pfeiffer et al., 2006; Puyau et al., 2002; Puyau et al., 2004)
and cut-points (Adolph et al., 2012; Evenson et al., 2008; Freedson, Pober and Janz,
2005; Heil, 2006; Pate et al., 2006; Pfeiffer et al., 2006; Puyau et al., 2002; Puyau et al.,
2004; Reilly et al., 2003; Sirard et al., 2005; Van Cauwenberghe et al., 2012a) have
been developed. ActiGraph cut-points for sedentary behaviour range from ≤ 25 counts
per 15 seconds to ≤ 363 counts per 15 seconds. Likewise, for moderate- to vigorousintensity physical activity ActiGraph cut-points range from ≥ 420 counts per 15 seconds
to ≥ 799 counts per 15 seconds. The use of different cut-points makes it difficult for
researchers to compare findings between studies (Cliff and Okely, 2007; Reilly et al.,
2008; Van Cauwenberghe et al., 2011) and to determine the extent to which preschoolaged children are physically active and meet physical activity guidelines (Beets et al.,
4
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2011). Additionally, hip-mounted accelerometers, such as the ActiGraph and Actical,
are not able to adequately distinguish between sitting and standing (Chen et al., 2012).
This is especially important when examining sedentary behaviour which is defined as
activities with an energy expenditure value of less than or equal to 1.5 times resting
metabolic rate while in a sitting or reclining position (Sedentary Behaviour Research
Network, 2012). A thigh-mounted accelerometer (the activPALTM) has been recently
developed to measure postural allocation (i.e. sitting, standing and walking) and
postural changes (i.e. from sitting to standing/walking and vice versa). However, the
validity of the activPALTM for measuring postural allocation and changes in preschoolaged children remains unclear (Davies et al., 2012; Davies, Reilly and Paton, 2012; De
Decker et al., 2013). In addition, thus far the activPALTM has not been validated for
measuring moderate- to vigorous-intensity physical activity or energy expenditure. This
all leads to the need for validation studies examining the most accurate equation or cutpoint in preschool-aged children. Additionally, newer monitors measuring postural
allocation and changes require further validation.

The primary aim of this thesis was to examine the validity of several accelerometer cutpoints and equations for classifying physical activity intensity and estimating energy
expenditure in preschool-aged children. Specifically this program of research aimed to:
Aim 1:

Establish and assess the feasibility of a room calorimeter protocol for 4- to
6-year-old children.

Aim 2:

Examine the validity of existing ActiGraph and Actical equations and cutpoints for predicting physical activity energy expenditure and categorising
physical activity intensity among 4- to 6-year-old children.
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Aim 3:

examine the validity of the activPALTM for assessing time spent in different
postures, physical activity intensities and estimating physical activity energy
expenditure in 4- to 6-year-old children.

This thesis comprises five studies, one of which is currently under review for
publication at an international peer-reviewed journal (Chapter 5). Two studies have
been provisionally accepted for publication pending minor revisions (Chapter 4 and
Chapter 7), one study has been accepted for publication (Chapter 6) and one study has
been published in an international peer reviewed journal (Chapter 3).

Chapter 2 provides a brief background examining the current literature. It describes the
health outcomes, prevalence and measurement issues around physical activity and
sedentary behaviour. Gaps in the literature have been identified, leading to the overall
aim of this thesis. The following paragraphs describe how each manuscript addressed
gaps in the literature and the aims of this thesis.

Room calorimetry is an established criterion measure of energy expenditure (Starling,
2002). It has been shown to be useful in studies aimed at the validation and calibration
of devices to estimate free-living physical activity and energy expenditure in children
and adolescents (Puyau et al., 2002; Puyau et al., 2004). Throughout the studies in this
thesis, room calorimetry was used as a criterion measure of energy expenditure in
preschool-aged children. However, its use among preschoolers has been relatively
unexplored, with only one study examining its feasibility in preschool children
(Oortwijn et al., 2009). It is not clear if resting energy expenditure measures can be
collected with the use of room calorimeter in this age group, nor is it clear if a light
6
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standardised breakfast impacts energy expenditure measures. This is especially
important as it is not feasible to ask children to fast overnight before following an
activity protocol as may be used in physical activity studies. Therefore, before the main
aims of this thesis could be addressed, it was necessary to test and establish the
feasibility of a room calorimeter protocol for 4-to 6-year-old children. Additionally,
Chapter 3 examines the effect of a light standardised breakfast on resting energy
expenditure measures in the room calorimeter.

Several equations and cut-points to predict energy expenditure and classify physical
activity intensity have been developed for the ActiGraph and Actical. However, the
validity of these cut-points remains unclear. Therefore, the studies in Chapter 4 and
Chapter 5 examined the validity of current ActiGraph and Actical equations and cutpoints against energy expenditure measured by room calorimetry and physical activity
intensity classified by direct observation.

Chapter 6 and Chapter 7 focus on the use of the activPALTM in preschool-aged children.
Hip-mounted accelerometers are not able to effectively distinguish sitting from standing
still (i.e. the difference between sedentary behaviour and light-intensity physical
activity), and this might be of particular importance when measuring sedentary
behaviour and/or compliance with physical activity guidelines which focus on light-,
moderate- and vigorous-intensity physical activity (Clarke et al., 2009; Department of
Health, 2011; Department of Health and Ageing, 2009; Institute of Medicine of the
National Academies, 2011; Tremblay et al., 2012a). The activPALTM has shown
promising results regarding its ability to distinguish between sitting and standing in
children and adolescents (Aminian and Hinckson, 2012; Dowd, Harrington and
7
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Donnelly, 2012). However, studies examining its validity among preschool-aged
children have shown less consistent results (Davies et al., 2012; De Decker et al., 2013).
Therefore, the study described in Chapter 6 examined the validity of the activPALTM
when measuring different postures, time spent in different postures and the number of
postural transitions. It is preferable for researchers to use one device when measuring
sedentary behaviour and physical activity to limit participant burden. However, the
validity of the energy expenditure embedded in the activPALTM software has not been
examined among preschool-aged children. In addition, no cut-points are available to
define moderate- to vigorous-intensity physical activity using the accelerometer counts
from the activPALTM. Consequently, the study in Chapter 7 focused on validating the
energy expenditure equation embedded in the activPALTM software. Additionally, a cutpoint to define moderate- to vigorous-intensity physical activity using the activPALTM
accelerometer counts was developed and validated.

Chapter 8 provides an overview of the main findings of this thesis and discusses the
strengths and limitations of the research studies. Finally, directions and implications for
future research, as well as an overall conclusion are provided.
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Background

Background
This chapter explores the relevant background literature in order to provide a rationale
for the studies undertaken as part of this thesis. It will do this by firstly defining
physical activity and sedentary behaviour and summarising evidence investigating their
associations with health outcomes in preschool-aged children. Following this the
prevalence of physical activity and sedentary behaviour in this age group will be
discussed. Finally, the measurement of physical activity in preschool-aged children with
a focus on methodological issues when using accelerometry will be explained.

2.1

Physical activity, sedentary behaviour and health in preschool-aged children

2.1.1 Physical activity
Physical activity is defined as any bodily movement produced by the contraction of
skeletal muscles which results in increased energy expenditure above resting levels
(Caspersen, Powell and Christenson, 1985). Physical activity in adults is often planned,
structured and repetitive. In contrast, preschool-aged children‘s physical activity
patterns are often sporadic, unstructured and of short duration (Cliff, Reilly and Okely,
2009).

Regular physical activity in adulthood is beneficial for health (Pearson and Biddle,
2011) and substantial evidence on the benefits of physical activity during childhood has
emerged over the past 20 years (Janssen and LeBlanc, 2010; Strong et al., 2005). In
addition, two reviews by Timmons et al. (2007; 2012) suggest that there is a positive
relationship between physical activity and several health outcomes such as adiposity,
cardiometabolic health, aerobic fitness, musculoskeletal health, motor development and
psychosocial health in children aged 0 to 5 years. However, the evidence around the
frequency and intensity of physical activity required for health benefits is limited
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(Timmons, Naylor and Pfeiffer, 2007; Timmons et al., 2012). This might be partly due
to the fact that the exposure or lack of exposure to physical activity has not been long
enough for health outcomes and risk factors to develop in preschool-aged children and
lead to detectable changes in health outcomes. In addition, issues with regard to the
measurement of physical activity and sedentary behaviour, such as the use of cut-points
to define physical activity intensities (explained in more detail in Section 2.3), might
play a role in the limited evidence on health outcomes.

Nevertheless, several recent studies have examined the impact of different intensities of
physical activity on preschool-aged children‘s health. A limited number of studies have
shown that moderate- to vigorous-intensity physical activity is associated with lower
levels of adiposity, although no association for light-intensity physical activity was
evident (Bürgi et al., 2011; Collings et al., 2013; Davies, 2010; Janz et al., 2002;
Metallinos-Katsaras et al., 2007; Vale et al., 2010b). Still, it remains unclear how the
intensity of physical activity is related to health outcomes other than adiposity such as
bone and skeletal, cardiometabolic, and psychosocial health outcomes (Timmons,
Naylor and Pfeiffer, 2007; Timmons et al., 2012). In addition, evidence on the dose (e.g.
frequency and duration) of physical activity required for optimal development and
health in preschoolers is virtually non-existent. More longitudinal and experimental
studies using valid, objective measures of physical activity are required to gain a better
understanding about the causal associations and the dose of physical activity required
for optimal health in this age group.
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2.1.2 Sedentary behaviour
Sedentary behaviour is defined as any activity with an energy expenditure value of less
than or equal to 1.5 times resting metabolic rate (RMR) while in a sitting or reclining
position (Sedentary Behaviour Research Network, 2012). As such, sedentary behaviour
is distinct from physical inactivity (Sedentary Behaviour Research Network, 2012).
Among preschool-aged children, screen behaviours such as television viewing are
typically the most common, but not the only sedentary behaviour (LeBlanc et al., 2012).
Preschoolers can also be sedentary during motorised transport, while reading books,
eating meals or engaging in art and craft activities. Children‘s total sedentary behaviour
is therefore comprised of many different behaviours and it may be the overall volume of
sedentariness which affects health outcomes.

Over the last decade there has been an increase in the number of studies examining the
association between sedentary behaviour and health (LeBlanc et al., 2012; Thorp et al.,
2011; Tremblay et al., 2011). In adults, sedentary behaviour has been shown to be
negatively associated with several health outcomes independent of moderate- to
vigorous-intensity physical activity. These include cardiovascular health outcomes,
blood pressure, cardiorespiratory fitness, adiposity and mental health (Thorp et al.,
2011). Recently, several studies have also shown associations between sedentary
behaviour and health outcomes, such as adiposity, cardiorespiratory fitness and
cardiometabolic health, in school-aged children (Cliff et al., 2013; Mitchell et al., 2012;
Santos et al., 2013). These negative associations might be due to differences in skeletal
muscle metabolism and energy expenditure which appear to exist between sitting and
standing or light-intensity physical activities such as slow walking (Hamilton, Hamilton
and Zderic, 2007). Additionally, among adults, breaking extended periods of sedentary
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behaviour with short periods of light- or moderate-intensity physical activity has been
beneficially associated with metabolic risk factors (Dunstan et al., 2012; Healy et al.,
2008; Healy et al., 2011; Peddie et al., 2013). The mechanisms causing these
associations are complex. However, beneficial associations may be due to the increase
in muscle activity when breaking up sedentary behaviour or an increase in total energy
expenditure due to a decrease in the total volume of sedentary behaviour and
concomitant increases in light-intensity physical activity (Healy et al., 2008).

The evidence on the associations of sedentary behaviour and breaks in sedentary
behaviour with preschool-aged children‘s health outcomes is less conclusive. The
majority of studies in this age group have focussed on television viewing rather than
total sedentary behaviour (LeBlanc et al., 2012). A systematic review by LeBlanc et al.
(2012) reported that increased television viewing was associated with unfavourable
measures of adiposity, psychosocial health and cognitive development. However,
television viewing is only one component of sedentary behaviour. In addition, the
association between health outcomes and television viewing might be moderated by
other factors, such as dietary behaviours, which have been found to be associated with
television viewing (Pearson and Biddle, 2011). While it is clear that total sedentary
behaviour is adversely related to some health outcomes in adults (Thorp et al., 2011)
evidence is lacking in preschool-aged children, especially after adjusting for moderateto vigorous-intensity physical activity (Byun, Liu and Pate, 2013; Collings et al., 2013).
There is a noticeable lack of longitudinal and experimental studies in this area among
preschool-aged children. Such studies are required to gain better understanding about
the association between objectively measured sedentary behaviour and health outcomes
in this age group. In addition, to date, the validity of objective measures for measuring
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sedentary behaviour (i.e. sitting) in preschool-aged children is not clear. To improve the
evidence base in this field of research, the validity of measures able to distinguish
between postures (i.e. sitting and standing) has to be examined.

2.2

Prevalence and trends in physical activity and sedentary behaviour

Over the last five years Australia, Canada, the United States of America and the United
Kingdom have developed physical activity guidelines for infants, toddlers and
preschool-aged children (Clarke et al., 2009; Department of Health, 2011; Department
of Health and Ageing, 2009; Institute of Medicine of the National Academies, 2011;
Tremblay et al., 2012a). While there are some differences between countries, most
guidelines recommend that children should be physically active for at least three hours
each day (Table 2.1). Given the lack of evidence about the intensity required to gain
health benefits, recommendations suggest that physical activities ranging from light- to
vigorous-intensity should be included. The publication of guidelines and consistency
between countries makes it easier for practitioners and researchers to examine the
prevalence of physical activity among preschool children (Pate, 2012). However, the
proportion of children meeting the guidelines remains unclear. Reported time spent
physically active during a waking day varies from two to six hours (Colley et al., 2013;
Hinkley et al., 2012; Vale et al., 2010a). Furthermore, the prevalence of children
meeting physical activity guidelines ranges from 5% up to 94% (Colley et al., 2013;
Hinkley et al., 2012; Okely et al., 2009; Vale et al., 2010a). In addition to potential
differences between countries and samples, such differences in prevalence may be due
to the way the accelerometer data are managed and analysed. For example, using
accelerometry data from the same sample of preschool-aged children, Beets et al. (2011)
applied a number of different cut-point definitions to define the intensity of physical
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activity. That study subsequently reported that between 0.5% to 99.9% of children
adhered to the National Association for Sport and Physical Education (Clarke et al.,
2009) physical activity guidelines, depending on the cut-point definition used (Beets et
al., 2011). This highlights the need for consistency between studies and further
methodological research to determine the most accurate cut-points to use when
analysing accelerometer data.

As discussed in the previous section (Section 2.1.2), studies have only recently
examined the effects of sedentary behaviour on preschool-aged children‘s health.
Nonetheless, it is clear that high levels of sedentary behaviour, particularly screen-based
entertainment, are a public health concern which has its origin in, and remains stable
from, early childhood (Biddle et al., 2010; Jones et al., 2013). This has led to several
countries, such as Australia, Canada, the United States of America and the United
Kingdom, developing recommendations for screen time (Table 2.2) (American
Academy of Pediatrics, 2006; Clarke et al., 2009; Department of Health, 2011;
Department of Health and Ageing, 2009; Institute of Medicine of the National
Academies, 2011; Tremblay et al., 2012b). Most guidelines specify that preschool-aged
children should not engage for more than one hour a day in screen-based entertainment
and should not be sedentary for more than one hour at a time (except when sleeping).
However, studies in Canada and Australia have shown less than half of preschool-aged
children meet the screen time recommendations (Carson et al., 2013; Colley et al., 2013;
Hinkley et al., 2012).

Despite this, the evidence on preschool-aged children‘s levels of total sedentary
behaviour remains inconclusive. Reported values vary greatly, and indicate that children

16

Background
might spend between 40% and 90% of their waking day sedentary (Cardon and De
Bourdeaudhuij, 2008; Colley et al., 2013; Hinkley et al., 2012; Vale et al., 2010a; Van
Cauwenberghe et al., 2012a). This is the equivalent of 5 to 10 hours of sedentary time
each day.

As discussed above regarding physical activity, differences reported in time spent
sedentary are partly due to inconsistencies between studies. Differences in devices and
data analysing processes are likely to contribute to at least some of the discrepancies
between studies (Beets et al., 2011; Cliff and Okely, 2007; Reilly et al., 2008).
Methodological studies examining how to best manage and interpret data from existing
tools are urgently needed to address these issues.
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Table 2.1 Physical activity recommendations for young children
Organisation

Country

Age

Recommendation

Department of Health and
Aging (2009)

Australia

0-2 years

Physical activity – particularly supervised floor-based play in safe environments – should be
encouraged from birth.

2-5 years

Children should be physically active every day for at least three hours, spread throughout the day.

0-2 years

Physical activity should be encouraged from birth, particularly through floor-based play and waterbased activities in safe environments.

2-5 years

Children should be physically active daily for at least three hours, spread throughout the day.

0-1 years

Infants should be active several times daily – particularly through interactive floor-based play.

2-4 years

Children should accumulate at least three hours of physical activity at any intensity spread
throughout the day, including a variety of activities in different environments, activities that
develop movement skills, and progression toward at least one hour of energetic play by 5 years of
age.

0-2 years

Infants should get the opportunity to move freely under adult supervision to explore their indoor
and outdoor environments.

2-5 years

Child care providers should provide children with opportunities for light-, moderate- and vigorousintensity physical activity for at least 15 minutes per hour while children are in care.

0-1 years
.

Infants should be placed in settings that encourage and stimulate movement experiences and active
play for short periods of time several times a day. Physical activity should promote skill
development in movement.

1-3 years

Toddlers should engage in a total of 30 minutes of structured physical activity and one hour or
more of unstructured physical activity each day

3-5 years

Accumulate at least one hour of structured physical activity and up to several hours of unstructured
physical activity each day.

Department of Health, Physical
Activity, Health Improvement
and Protection (2011)

United Kingdom

Tremblay et al. (2012a)

Canada

Institute of Medicine (2011)
(child care based)

National Association for Sport
and Physical Education
(Clarke et al., 2009)

United States

United States

Table 2.2 Sedentary behaviour recommendations for young children
Organisation

Country

Age

Recommendation

Australian Department of Health
and Aging (2009)

Australia

0-2 years

No television or other electronic media use. Children should not be sedentary, restrained or kept
inactive, for more than one hour at a time, with the exception of sleeping.

2-5 years

Sitting and watching television and the use of other electronic media should be limited to less than one
hour per day. Children should not be sedentary, restrained or kept inactive, for more than one hour at a
time, with the exception of sleeping.

Department of Health, Physical
Activity, Health Improvement
and Protection (2011)

United Kingdom

0-5 years

The amount of time spent being sedentary (being restrained or sitting) for extended periods of time
(except time spent sleeping) should be limited.

Tremblay et al. (2012b)

Canada

0-2 years

Children should not be restrained for more than one hour at a time and screen time is not recommended.

2-4 years

Screen time should be limited to less than one hour per day; less is better. Time spent sedentary should
be minimized; children should not be restrained for more than one hour at a time.

Institute of Medicine of the
National Academies (2011)
(child care based)

United States

0-5 years

Child care providers and early childhood educators should allow children to move freely by limiting the
use of equipment that restricts movement and implement strategies to limit the time children are sitting
or standing still.

National Association for Sport
and Physical Education
(Clarke et al., 2009)

United States

1-5 years

Children should not be sedentary for more than one hour at a time, except when sleeping.

American Academy of Pediatrics
(2006)

United States

4-6 years

Sedentary transportation should be reduced. Screen time should be limited to less than 2 hours per day.

Background
2.3

Measurement of physical activity, sedentary behaviour and energy
expenditure

As noted in Section 2.1 and 2.2, studies have reported differences in the amount of time
that preschoolers spent being physically active and engaged in sedentary behaviours. In
addition, evidence related to the health consequences of these behaviours is
inconclusive. Valid and reliable instruments to measure physical activity and sedentary
behaviour are needed to improve all facets of research related to these behaviours
among preschool-aged children. Additionally, the most valid data management and
analysis approaches should be used (e.g. cut-points to define physical activity intensity,
equations to predict energy expenditure). As discussed, inconsistency in the
measurement of these behaviours and interpretation of data may explain at least part of
the variation in results between studies (Beets et al., 2011).

This section explores various objective methods used to measure physical activity,
sedentary behaviour and energy expenditure in preschool-aged children. First, two
common measures of energy expenditure will be discussed (i.e. doubly labelled water
and room calorimetry). The use of direct observation to determine physical activity and
sedentary behaviour will then be explored, followed by the use of accelerometry to
examine physical activity intensity, sedentary behaviour and predict energy expenditure.
Finally, a number of methodological issues regarding the use of accelerometry among
preschool-aged children will be discussed.

20

Background
2.3.1 Objective measures of energy expenditure
Doubly labelled water
Doubly labelled water is a criterion measure of free-living energy expenditure. The
principal of doubly labelled water is based on the measurement of carbon dioxide (CO2)
production. When using this method participants are required to consume a dose of
water labelled with two stable isotopes, deuterium and oxygen-18 (O-18), at the start of
the measurement period.O-18 is used to form CO2 thus when CO2 is exhaled, O-18 is
lost from the body. The total amount of O-18 lost could be used to calculate the amount
of CO2 that is lost. However, O-18 is also be lost via body water (such as urine or
sweat), therefore the second label, deuterium, is added. Deuterium is only lost via body
water. Consequently, the loss of deuterium can be used to calculate the loss of O-18 via
body water which can then be used to calculate the pure loss of O-18 as part of CO2.
The amount of O-18 lost as part of CO2 is a direct measure of the amount of carbon
dioxide produced and can be used to calculate energy expenditure (Dale, Welk and
Matthews, 2002). Doubly labelled water has shown good validity in young children
(Trost, 2007). However, this method is expensive and not suitable for larger field-based
studies. In addition, the measurement of energy expenditure is limited to assessment
over a longer period of time such as one- to two-weeks. Likewise, this method provides
no information on the intensity or duration of physical activity (Trost, 2007), nor can it
be used to determine compliance with physical activity guidelines or to assess sedentary
behaviour. These aspects of physical activity are of interest to many researchers.
Consequently, doubly labelled water has not often been used in studies examining
physical activity in preschool-aged children.
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Indirect calorimetry
Indirect calorimetry is a measure of oxygen (O2) consumption and CO2 production.
Human energy is released from nutrients through the oxidation of food substrates. These
nutrients are converted into CO2, water and O2. Devices based on indirect calorimetry
measure the amount of O2 consumed and CO2 produced by the body. Measured O2
consumption and CO2 production can then be used to calculate total energy expenditure
using the Weir equation (Weir, 1949). Indirect calorimetry is an established criterion
measure for assessing energy expenditure and is used in both portable devices and room
calorimeters. Portable calorimetry makes it possible to measure energy expenditure in
field-based settings or during simulated mobile free-living tasks (Starling, 2002).
However, portable calorimetry requires participants to wear a face mask as well as other
device components which are typically attached to the body using a harness or
backpack. As such, the use of these devices may influence movement patterns and/or
energy expenditure, especially in preschool-aged children. By contrast, a room
calorimeter is an enclosed room (approximately 3m x 2.1m x 2.1m) in which
participants are isolated, often while following a certain protocol of tasks or activities.
The main advantage of room calorimetry over portable calorimetry is that participants
are not required to wear any equipment and can move freely. However, the use of an
enclosed room makes it impossible to assess free-living habitual energy expenditure.
Nevertheless, in the area of sedentary behaviour and physical activity research, room
calorimetry has been used to validate physical activity monitors which can then be used
to assess free-living habitual physical activity and sedentary behaviour (Bouten et al.,
1994; Dorminy et al., 2008; Puyau et al., 2002; Puyau et al., 2004).
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2.3.2 Objective measures of physical activity and sedentary behaviour
Direct observation
Several direct observation systems are available to measure physical activity and
sedentary behaviour. Observers typically observe physical activity behaviours either
live or on a video and code certain variables of these behaviours into categories.
Depending on the direct observation system used different variables will be coded.
Possible variables that can be captured by direct observation measures include physical
activity intensity, the type of activity, the setting in which physical activity takes place,
and the presence and interactions of peers or adults (McKenzie, 2002).
Direct observation systems that have been developed and validated for use with
preschool-aged children include the Children‘s Activity Rating Scale (CARS) (Puhl et
al., 1990), the Observational System for Recording Activity in Children – Preschool
Version (OSRAC-P) (Brown et al., 2006), Studies of Children‘s Activity and Nutrition:
Children‘s Activity Time Sampling Survey (SCAN-CATS) (Klesges et al., 1990) and
the Behaviours of Eating and Activity for Child Health Evaluation System (BEACHES)
(McKenzie et al., 1991). The validity and reliability of these methods is described in
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Table 2.3. OSRAC-P, BEACHES and SCAN-CATS record several domains related to
physical activity such as the environment and interactions with others. All three showed
good reliability (Brown et al., 2006; Klesges et al., 1990; McKenzie et al., 1991).
However, validity was only examined for BEACHES which showed a clear distinction
in heart rate and energy costs between each classification level (McKenzie et al., 1991).
This indicates that BEACHES appears to be able to distinguish between physical
activity intensities. CARS, on the other hand, focuses mainly on recording physical
activity intensity across five levels (Puhl et al., 1990). Reliability and validity have been
examined among preschoolers. CARS showed a clear increase in oxygen uptake and
heart rate for each increasing level (Puhl et al., 1990). In addition, inter-rater variability
was found to be good (Puhl et al., 1990). The ability to accurately categorise
movements and behaviours into physical activity intensities makes CARS an
appropriate criterion measure when validating accelerometers for physical activity
intensity classification.

The ability to capture multiple variables with one measurement tool means that direct
observation has some advantages over other methods (e.g. accelerometry) used to
measure sedentary behaviour and physical activity. However, direct observation also
has a number of limitations. Direct observation requires a trained observer to code
activity behaviours according to a predetermined protocol. This makes this method time
consuming, expensive and impractical when assessing sedentary behaviour and physical
activity over longer periods of time (e.g. a complete waking day). Consequently, direct
observation is not suitable for measuring habitual physical activity and sedentary
behaviour (Dale, Welk and Matthews, 2002). Nevertheless, when assessing behaviours
in a single context, such as preschools, direct observation is a valuable tool.

24

Background
Additionally, direct observation systems have also been frequently used as a criterion
method in accelerometer validation studies (Davies et al., 2012; Hislop et al., 2012a;
Hislop et al., 2012b; Sirard et al., 2005; Van Cauwenberghe et al., 2011).
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Table 2.3 Validity and reliability of direct observation systems used in preschoolers
Direct observation
Age group Criterion
Validity
system
(years)
method
CARS
5-6
Indirect
Heart rate and oxygen
(Puhl et al., 1990)
calorimetry; uptake were different for
heart rate
each level (p < 0.05)

Reliability
Inter-rater
reliability 84.1%

OSRAC-P
(Brown et al., 2006)

3-5

None

N/A

Kappa > 0.80 for
all domains

BEACHES
(McKenzie et al., 1991)

4-8

Heart rate

Heart rate and energy
cost increased with each
code increment

Kappa = 0.91

SCAN-CATS
(Klesges et al., 1990)

3-6

None

N/A

Kappa = 0.91

Accelerometry
Accelerometers, when used to examine physical activity and sedentary behaviour,
measure acceleration of the body. Accelerometers are small, robust and relatively cheap.
This makes them especially appropriate when examining physical activity and sedentary
behaviour in free-living circumstances among preschool-aged children.

Until recently, accelerometers were limited to recording accelerations on the
longitudinal axis (i.e. vertical movements such as walking or running). However, the
arrival of micro electro mechanical systems, increased on-board memory and longer
battery life has led to the development of devices that can capture acceleration across all
three axes of rotation (i.e. sagittal axis, frontal axis and vertical axis). Traditionally,
accelerometers filter and average their raw acceleration signal into counts per time
frame (i.e. epochs). However, recent technological advances have given researchers the
opportunity to collect raw data (i.e. unfiltered and/or not averaged) opposed to data
averaged in to epochs (e.g. counts per 15, 30 or 60 seconds) (Chen et al., 2012).
Nevertheless, as methods to process and analyse raw accelerometer data are still under
development, most researchers will continue to analyse data that have been filtered and
averaged.
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When filtering data most accelerometers use a digital band-pass filter to detect normal
human motion and reject signals which appear not to be physiological plausible. The
settings of these band pass filters influence the quality of the output. Acceleration data
during sedentary behaviours is expected to be of low frequency whereas the
accelerations during higher intensity physical activities are expected to be of high
frequency. However, Chen et al. (2012) have demonstrated that a commonly used
accelerometer, the ActiGraph GT3X, showed a reduction in the acceleration output
during sprinting compared to running when using a band pass filter. However,
investigations of the raw data (i.e. without any filtering) revealed an increase in
accelerometer output when moving from running to sprinting. This indicates the
ActiGraph GT3X band pass filter causes a plateau at the higher physical activities
intensity (e.g. running results in similar amount of accelerometer counts per epoch as
sprinting). Also, at the lower end of the spectrum signals were suppressed when using
the filter (Rothney et al., 2008). Suppressing lower frequencies will reduce noise on the
signal. However, this also decreases the sensitivity of the instrument during sedentary
behaviours, with non-zero counts appearing later (i.e. closer to frequencies associated
with light-intensity physical activity) in the frequency spectrum. This increases the
difficulty of discriminating between sedentary and light-intensity physical activity
(Rothney et al., 2008). This indicates the importance of appropriate band-pass settings
to prevent accelerometers from lacking sensitivity in low-intensity physical activity
and/or reach a plateau value during high intensity physical activities (Chen et al., 2012).

After filtering, researchers traditionally use equations and cut-points to estimate energy
expenditure and classify physical activity intensity. These equations and cut-points are
based on the use of accelerometer counts over a certain time frame. However, in recent
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years more sophisticated approaches have been proposed using high frequency
acceleration data (Trost et al., 2012b). The use of machine learning approaches, such as
artificial neural networks, to analyse the data have shown promising results (de Vries,
Engels and Garre, 2011; Staudenmayer et al., 2009; Trost et al., 2012b). However, more
calibration and validation work is needed before such methods can be used for data
collected in large field based studies. In addition, the requirement of raw acceleration
data might limit the applicability of those approaches in longitudinal studies using data
that have already been collected. Therefore, these studies might be restricted to the use
of energy expenditure equations for predicting energy expenditure and cut-points for
classifying physical activity intensity.

Commercially available accelerometers
Several different accelerometers are currently commercially available. The most
commonly used accelerometers are the ActiGraph (ActiGraph Corporation; Pensacola
USA) and Actical (Philips Respironics, Bend, OR). The newly-released activPALTM
accelerometer is becoming increasingly popular with researchers as it includes the
ability to distinguish between postures. Specifications for these three devices are
described in Table 2.4. Although other accelerometers are also available, they are less
commonly used and will not be discussed further in this thesis.

The ActiGraph is currently the most widely used accelerometer among preschool
children (Trost, 2007). In addition, it is the only accelerometer that has been found to be
both valid and reliable in preschool-aged children (Cliff, Reilly and Okely, 2009). The
ActiGraph accelerometer is a small hip-mounted accelerometer. Several different
models have been developed over the years. The first ActiGraph accelerometer, the
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ActiGraph 7164, used a piezoelectric accelerometer and analog filtering. The ActiGraph
GT1M replaced the piezoelectric accelerometer with a solid state accelerometer and
digital filter. Most equations and cut-points have been developed using either the
ActiGraph 7164 (Evenson et al., 2008; Pate et al., 2006; Puyau et al., 2002; Reilly et al.,
2003; Sirard et al., 2005) or the ActiGraph GT1M (Van Cauwenberghe et al., 2011)
accelerometer. However, more recently, the ActiGraph GT3X and the ActiGraph
GT3X+ accelerometers have entered the market. The ActiGraph GT3X and GT3X+
both use a tri-axial accelerometer, have extended battery life and use a higher sampling
frequency compared to the ActiGraph 7164 and ActiGraph GT1M monitors. The
ActiGraph GT3X collects data at a rate of 30 Hz and is capable of collecting data for up
to 20 days depending on the sample rate used. Throughout this thesis the ActiGraph
GT3X accelerometer is the one that was used.

The Actical accelerometer has been used in many studies, including large national
health monitoring studies such as the Canadian Health Measures Survey (Colley et al.,
2013). Currently, two models, the Actical and the Actical Z, are available. Both
monitors use an omnidirectional accelerometer which measures accelerations in three
axes. However, when positioned on the hip it is most sensitive to the vertical axis (John
and Freedson, 2012). In addition, both monitors use a sample rate of 32 Hz. The main
difference between the Actical and Actical Z is the ability of the Actical Z to provide
output as raw data and as epochs as small as one second. Whereas, the Actical can only
provide output as small as 15 second epochs. The equations and cut-points that are
currently available have been developed using the Actical, and this model has been used
throughout the studies described in this thesis.
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For both, the ActiGraph and Actical, researchers have traditionally used cut-points and
equations to convert the data into biologically meaningful outcomes such as energy
expenditure and physical activity intensities. When applied to the data, cut-points and
equations allow interpretation of time spent in different physical activity intensities and
estimates of energy expenditure (Adolph et al., 2012; Evenson et al., 2008; Heil, 2006;
Pate et al., 2006; Pfeiffer et al., 2006; Puyau et al., 2002; Puyau et al., 2004; Reilly et
al., 2003; Sirard et al., 2005; Van Cauwenberghe et al., 2011). This will be explained in
more detail in Section 2.3.4.

In contrast to the ActiGraph and Actical, the activPALTM (PAL Technologies Ltd.,
Glasgow, UK) is worn on the mid-anterior thigh and was developed to assess postural
allocation and postural changes (i.e. sitting to standing/walking and vice versa). The
uni-axial accelerometer utilised by activPALTM measures acceleration in the frontal axis
and collects data at 10Hz (Table 2.4). When using the activPALTM, researchers are
limited to the use of raw data files, time stamped data files (for changes in postures) or
data summarized by the activPALTM software in 15 second epochs.
Table 2.4 Accelerometer specifications of devices used in this thesis
Device
Size
Range
Band-pass Sampling Output
(cm)
(G)
filter
rate
(Hz)
(Hz)
ActiGraph
4.6 x 3.3 0.05-2.5
0.25–2.5
30
Raw; counts
GT3X
x 1.5
per epoch

Output categories

Accelerometer counts
(3 axes individually),
postural position.

Actical

2.9 x 3.7
x 1.1

0.05-2

0.5–3.0

32

Counts per 15 Accelerometer counts
seconds
(combined value for 3
axes).

activPALTM

5.3 x 3.5
x 0.7

0-1.5

Unknown

10

Raw; time
stamped;
counts per 15
seconds

Postural position; step
counts; postural
transitions;
accelerometer counts
(1 axis), predicted
energy expenditure.
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2.3.3 Strengths and limitations of accelerometry
Several strengths and limitations have to be taken into account by researchers when
choosing an instrument to measure physical activity and sedentary behaviour.
Accelerometers are light, small and relatively cheap devices which make them a popular
method to measure sedentary behaviour and physical activity among children (Cliff,
Reilly and Okely, 2009; Oliver, Schofield and Kolt, 2007; Pate, O'Neill and Mitchell,
2010; Trost, 2007). Due to their objective nature, they are less prone to bias than
instruments such as parent-proxy reports (Cliff, Reilly and Okely, 2009; Pate, O'Neill
and Mitchell, 2010). Accelerometers are suitable for measuring habitual sedentary
behaviour and physical activity over longer periods of time (e.g. a whole week)
compared to instruments such as direct observation (Pate, O'Neill and Mitchell, 2010).
Additionally, they provide information about frequency and duration of behaviours
which is not captured with measures such as doubly labelled water (Cliff, Reilly and
Okely, 2009; Oliver, Schofield and Kolt, 2007; Pate, O'Neill and Mitchell, 2010; Trost,
2007). The activPALTM has the further advantage of potentially being able to
distinguish between sitting and standing. This is a limitation of hip-mounted
accelerometers such as the ActiGraph and Actical as they are unable to distinguishing
between postures (Chen et al., 2012). The ability to make such a distinction is
particularly important when assessing sedentary behaviour. Another limitation of
accelerometers that should be noted is their inability to account for the added energy
expended and intensity experienced when undertaking some activities such as carrying a
weight or climbing stairs. In addition, they can only measure accelerations of the body
part they are attached to. Therefore, accelerometers mounted to the lower body have
difficulty measuring upper body physical activity accurately (Cliff, Reilly and Okely,
2009; Pate, O'Neill and Mitchell, 2010; Trost, 2007). Accelerometers also do not
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provide information about the type of activity undertaken or the context in which
behaviours occur. They are prone to loss of data due to malfunctioning, shortage of
battery life and occasional spurious data. In addition, a number of methodological
decisions need to be considered when using accelerometers to assess free-living
physical activity and sedentary behaviour.

Some of the additional considerations include methodological decisions around the
required output frequency and filter settings to be used. Furthermore, researchers have
to decide on the definition of non-wear time, the minimum wear time to define a valid
day, the minimum number of valid days and the outcomes which will be included in
analyses. Finally, decisions have to be made about the equations and/or cut-points used
to estimate energy expenditure and/or classify physical activity intensity (Cliff, Reilly
and Okely, 2009; Heil, Brage and Rothney, 2012).

When using the activPALTM, most of these decisions have been made by the developer.
The software accompanying the activPALTM summarises and provides the data in a
standard format (e.g. sit/stand/walk classifications per 15 seconds). The a priori data
management decisions included within the activPALTM software limit the researcher‘s
knowledge of which data reduction processes have been applied (e.g. filter settings),
post-data collection options (e.g. choice of epoch length) and eliminate the ability to
reanalyse data when newer calibration algorithms are available (Heil, Brage and
Rothney, 2012).

The vast number of different devices and methodological approaches available make it
difficult for researchers to decide on which methodologies are most appropriate.
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Therefore, studies examining and comparing the validity of the different methods
available are needed. Outcomes of these studies might assist researchers to decide on
the best methodological approach for their study.

2.3.4 Calibration and validation of accelerometers
Calibration and validation studies are needed to enable interpretation of accelerometer
data by providing procedures that can be used to convert the data into estimates of
physical activity and sedentary behaviour (Bassett, Rowlands and Trost, 2012).
Calibration of accelerometers ensures the device is correctly measuring acceleration (i.e.
unit calibration) and provides the intended outcome variables (i.e. value calibration).
Unit calibration has become less of a necessity with the introduction of newer monitors
such as the ActiGraph GT1M and GT3X. Due to improved hardware, digital filters and
calibration performed at the factory, individual units should remain calibrated for the
life of the device (Bassett, Rowlands and Trost, 2012). However, value calibration is
still needed. Value calibration of accelerometers takes place by converting data from the
device into estimates of energy expenditure or physical activity intensities by
comparison to a criterion measure.

To date, the two most common statistical approaches for developing equations and/or
cut-points to predict energy expenditure and classify physical activity intensity from
accelerometer output are linear regression and receiver operating characteristic (ROC)
curves (Bassett, Rowlands and Trost, 2012). Linear regression is used to develop energy
expenditure prediction equations which can then be used to predict a person‘s energy
expenditure. In addition, regression equations are often used to define cut-points to
classify each epoch as sedentary behaviour, light-intensity physical activity, moderate-
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intensity physical activity or vigorous-intensity physical activity. ROC-curves do not
lead to the development of an equation but are used to identify the most accurate cutpoints for classifying physical activity intensity. In contrast to linear regression
equations, which are based on the assumption of a linear change between accelerometer
output and energy expenditure (Staudenmayer, Zhu and Catellier, 2012), ROC-curves
are based on optimising sensitivity and specificity (Welk, 2005). Therefore, cut-points
developed using ROC-curves are not associated with an energy expenditure equation.

For the ActiGraph and Actical, several studies have been conducted to develop
equations to predict energy expenditure and/or cut-points to classify physical activity
into intensities for preschoolers (Adolph et al., 2012; Evenson et al., 2008; Pfeiffer et
al., 2006; Reilly et al., 2003; Sirard et al., 2005; Van Cauwenberghe et al., 2011). In
addition, equations and cut-points from three calibration studies in older children (Heil,
2006; Puyau et al., 2002; Puyau et al., 2004) have been used in studies examining
physical activity among preschool-aged children (Fisher et al., 2005; Reilly et al.,
2006a; Taylor et al., 2006). Details of these calibration studies can be found in Table 2.5
and Table 2.6.

As evident in Table 2.5 and Table 2.6, substantial differences in equations and/or cutpoints exist between studies. For the ActiGraph, the cut-points used to define sedentary
behaviour range from ≤ 25 counts per 15 seconds (Evenson et al., 2008) to ≤ 398 counts
per 15 seconds (Sirard et al., 2005). For moderate- to vigorous-intensity physical
activity, the cut-points range from ≥ 420 counts per 15 seconds (Pate et al., 2006) to ≥
891 counts per 15 seconds (Sirard et al., 2005). Similarly, the Actical cut-points for
sedentary behaviour range from ≤ 6 counts per 15 seconds (Adolph et al., 2012) to ≤ 74
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counts per 15 seconds (Heil, 2006) and for moderate- to vigorous-intensity physical
activity the lowest cut-point is ≥ 287 (Adolph et al., 2012) whereas the highest cut-point
is ≥ 508 (Evenson et al., 2008). These differences are most likely due to differences in
the methods used to calibrate the devices.

The majority of the studies cited in this thesis used indirect calorimetry as their criterion
method (Adolph et al., 2012; Evenson et al., 2008; Pate et al., 2006; Pfeiffer et al.,
2006; Puyau et al., 2002; Puyau et al., 2004), with three studies using direct observation
(Reilly et al., 2003; Sirard et al., 2005; Van Cauwenberghe et al., 2011). However, the
methods used to define energy expenditure in the studies that used indirect calorimetry
have varied as have the specific direct observation systems used.

In addition to the criterion method chosen, the activities included in the calibration
protocol are another important aspect to consider. Best practice recommendations
indicate that it is important to include a broad range of age-appropriate activities,
ranging from sedentary behaviours to vigorous-intensity physical activities, in
calibration and validation studies (Bassett, Rowlands and Trost, 2012). Nevertheless,
variations in types of activities included in the activity protocols of calibration studies
have been noted. These variations include the number of free-living activities (which
range from four activities in laboratory based protocols (Pate et al., 2006; Pfeiffer et al.,
2006), to calibration in free-living situations capturing a normal and unstructured part of
children‘s lives (Reilly et al., 2003)). Additionally, some studies have only included
ambulatory activities (e.g. walking or running) (Pate et al., 2006; Pfeiffer et al., 2006),
whereas others have included ambulatory and non-ambulatory activities (e.g. playing
with toys, basketball, jumping a rope) (Adolph et al., 2012; Evenson et al., 2008; Puyau
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et al., 2002; Puyau et al., 2004; Reilly et al., 2008; Sirard et al., 2005; Van
Cauwenberghe et al., 2011).

Differences in the statistical approaches used to develop energy expenditure equations
and/or physical activity intensity cut-points are also evident between calibration studies.
To date, most studies have used a single linear regression approach when developing
equations, with only one Actical study using a double linear regression equation (Heil,
2006). The developed energy expenditure equations are often subsequently used to
identify cut-points used to classify physical activity into different intensities (Heil,
2006; Pate et al., 2006; Pfeiffer et al., 2006; Puyau et al., 2002; Puyau et al., 2004).
However, more recent studies used ROC-curve analyses to develop physical activity
intensity cut-points (Adolph et al., 2012; Evenson et al., 2008; Reilly et al., 2003; Van
Cauwenberghe et al., 2011). As mentioned previously, the cut-point developed using
ROC-analyses is based on the optimal combination of sensitivity and specificity instead
of the assumption of a linear change between accelerometer output and energy
expenditure underlying regression analysis. Consequently, these different approaches
will lead to differences in developed cut-points.
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Table 2.5 ActiGraph calibration studies developed and/or applied in studies examining preschool-aged children
Author
Sample
Criterion measure Analysis
Activities
ActiGraph
Evenson et al.
(2008)

n = 33
Age = 5-8 years
Mean age = 7.3 years
21 girls, 12 boys
Sirard et al. (2005) n = 16
Age = 3-5 years
Mean age = N/R
5 girls, 11 boys
van Cauwenberghe n = 18
et al. (2011)
Age = 4-6 years
Mean age = 5.8 years
10 girls, 8 boys
Pate et al.
n = 29
(2006)
Age = 3-5 years
Mean age = 4.4 years
16 girls, 13 boys
Puyau et al.
(2002) ‡

Portable metabolic ROC
system

Direct observation
(CARS)

ROC

Direct observation
(CARS)

ROC

Portable metabolic Single linear
system
regression

n = 26
Room calorimetry
Age = 6-16years
Mean age = 10.7 years
12 girls, 14 boys

Reilly et al. (2003)‡ n = 30
Age = 3-4 years
Mean age = 3.7 years
10 girls, 20 boys

Direct observation
(CPAF)

Sit, watch TV, colouring in, slow
walk, stair climbing, dribble
basketball, brisk walk, cycling,
jumping jacks, running.
Sitting, sitting and playing, slow
walking, fast walking, jogging.

Sitting, standing, drawing, walking,
jogging at seven speed levels, free
play session.
Rest, slow walking, brisk walk and
running.

Single linear
regression

Computer games, arts and crafts,
playing with toys, walking, martial
arts, running, jumping a rope,
skipping, soccer.

ROC

No structured activities.

Equation/Cut Point
counts15 s-1
SB
≤ 25
LPA
> 25
MVPA ≥ 574

SB
LPA
MVPA
SB
LPA
MVPA

Age 4:
≤ 363
> 363
≥ 813
≤ 372
> 372
≥ 585

Age 5:
≤ 398
> 398
≥ 891

counts60 s-1
≤ 100
> 100
≥ 2296
Age 4:
≤ 1452
> 1452
≥ 3252
≤ 1488
> 1488
≥ 2340

VO2 = 10.0714 + 0.02366 x counts/15s
SB
≤ 37
≤ 148
LPA
> 37
> 148
MVPA ≥ 420
≥ 1680
AEE = 0.0183 + 0.000010 x counts/min
SB
≤ 199
≤ 799
LPA
> 199
> 799
MVPA ≥ 799
≥ 3199
SB
≤ 274
≤ 1099
LPA
NA
NA
MVPA NA
NA

‡ developed as counts per 60 seconds; CARS, Child Activity Rating Scale; CPAF, Children‘s Physical Activity Form; SB, sedentary behaviour; LPA, light-intensity
physical activity; MVPA, moderate- to vigorous-intensity physical activity; AEE, activity energy expenditure.

Age 5:
≤ 1592
> 1592
≥ 3564

Table 2.6 Actical calibration studies developed and/or applied in studies examining preschool-aged children
Actical
Adolph et al.
n = 64
Room calorimetry ROC
Sitting, drawing, playing with toys,
(2012) ‡
Age= 3-5 years
ball play, dance, jogging.
Mean age = 4.5 years
27 girls, 37 boys
Evenson et al.
n = 33
Portable metabolic ROC
Sit, watch TV, colouring in, slow
(2008)
Age = 5-8 years
system
walk, stair climbing, dribble
Mean age = 7.3 years
basketball, brisk walk, bicycling,
21 girls, 12 boys
jumping jacks, running.
Pfeiffer et al.
n = 18
Portable metabolic Single linear
Sitting, walking, running.
(2006)
Age = 3-5 years
system
regression
Mean age = 4.4 years
11 girls, 7 boys
Puyau et al.
n = 32
Room calorimetry Single linear
Sitting, playing/working on a
(2004) ‡
Age = 7-18 years
regression
computer, aerobic exercises, throwing
Mean age = 12.3 years
balls, walking, running.
(boys), 13.3 years (girls)
18 girls, 14 boys
Heil
n = 24
Portable metabolic Single and
Resting, lying down, sitting, video
(2006) ‡
Age = 8-17 years
system
double linear
game playing, cleaning, walking and
Mean age =12 years
regression
jogging.
(boys), 13 years (girls)
10 girls, 14 boys

‡

counts15 s-1
SB
≤6
LPA
>6
MVPA ≥ 287

counts60 s-1
≤ 25
> 25
≥ 1150

SB
≤ 11
LPA
> 11
MVPA ≥ 508

≤ 44
> 44
≥ 2032

VO2= 9.73 + (0.01437) x counts/15s
SB
NA
NA
LPA
< 715
< 2860
MVPA ≥ 715
≥ 2860
AEE = 0.00423 + 0.00031 x counts/min0.653
SB
< 25
< 100
LPA
≥ 25
≥ 100
MVPA ≥ 375
≥ 1500
Single regression
AEE = 0.03411 + (1.270-5) x counts/min
(when counts/min ≥ 300)
2 regressions
AEE = 0.01667 + (5.103-5) x counts/min
(when counts/min ≥ 300 and < 1650)
AEE = 0.03534 + (1.135-5) x counts/min
(when counts/min ≥ 1650)
SB
< 75
< 300
LPA
≥ 75
≥ 300
MVPA ≥ 412
≥ 1650

developed as counts per 60 seconds; SB, sedentary behaviour; LPA, light-intensity physical activity; MVPA, moderate- to vigorous-intensity physical activity; AEE, activity
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After devices have been calibrated, the developed equations and/or cut-points require
validation. Validity is defined as the extent to which an instrument measures what it is
intended to measure (Morrow, 2002) . Criterion validity is the extent to which the
outcome either compares or correlates with the criterion measure (concurrent validity)
or the extent to which the examined methodology is able to predict the values obtained
using the criterion method (predictive validity) (Bassett, Rowlands and Trost, 2012).
Ideally, studies validating accelerometers need to include a sample representative of the
intended population, a broad range of age-appropriate sedentary behaviours and
physical activities, and use an appropriate criterion measure (Bassett, Rowlands and
Trost, 2012).

Several of the energy expenditure equations and cut-points developed for the Actical
and ActiGraph in preschool-aged children have also been validated in this age group,
and the details of these studies are reported in Table 2.7 (De Decker et al., 2013; Oliver,
Schofield and Schluter, 2009; Pate et al., 2006; Pfeiffer et al., 2006; Reilly et al., 2003;
Reilly et al., 2006b; Sirard et al., 2005). Five studies validated equations or cut-points
for the ActiGraph, with three of them validating their own established cut-point during
free play and reporting good validity (Pate et al., 2006; Reilly et al., 2003; Sirard et al.,
2005). In addition, De Decker et al. (2013) reported low classification accuracy for the
Evenson et al. (2008) cut-point (≤ 25 counts per 15 seconds) when examining sedentary
behaviour. Kahan et al. (2013) examined four different ActiGraph cut-points. This study
demonstrated the van Cauwenberghe et al. (2011) cut-point (≤ 372 counts per 15
seconds) and the Sirard et al. (2005) cut-points (≤ 363 or 398 counts per 15 seconds for
children aged 4- or 5-year-old, respectively) resulted in the most accurate estimates of
time spent in sedentary behaviour and moderate- to vigorous-intensity physical activity.
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However, in a second study they conducted the Evenson et al. (2008) cut-points
appeared to perform best over the complete range of physical activity intensities
(Kahan, Nicaise and Reuben, 2013). Reilly et al. (2006b) reported that the Puyau et al.
(2002) energy expenditure equation underestimated total energy expenditure compared
to energy expenditure measured by doubly labelled water. The only Actical cut-points
validated among preschool-aged children are cut-points developed by Pfeiffer et al.
(2006). Pfeiffer et al. (2006) found moderate agreement when examining the concurrent
validity of their cut-point during free-living using the same sample as in their calibration
study. However, Oliver et al. (2009) reported poor overall agreement. Three of the
developed equations and cut-points have not been previously validated (Adolph et al.,
2012; Heil, 2006; Puyau et al., 2004).

Three recent studies have evaluated the activPALTM in preschoolers (Davies et al.,
2012; Davies, Reilly and Paton, 2012; De Decker et al., 2013). Details of these studies
are described in Table 2.8. Studies examining the activPALTM have reported
inconsistent results with one reporting high values of sensitivity and specificity for
classifying postures (Davies et al., 2012), and the other reporting low values for these
(De Decker et al., 2013). Only one study has examined the validity of the activPALTM
for detecting postural transitions, reporting an overestimation of the number of
transitions from sit to upright predicted by the activPALTM (Davies, Reilly and Paton,
2012).

The limited evidence and inconsistencies around the validity of equations and cut-points
for the ActiGraph and Actical highlights the need for validation studies examining
multiple preschool-aged equations and cut-points simultaneously in an independent
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sample. Studies validating the activPALTM accelerometer for classifying posture and
physical activity intensities are also needed.
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Table 2.7 ActiGraph and Actical validation studiesin preschool-aged children
Author

Sample

Cut point or equation

Criterion measure Activities

Validity

Sirard et al.
(2005)

n = 269
Age = 3-5 years
Mean age = NR
180 girls, 89 boys

Sirard et al.

Direct observation
(CARS)

SB: Pearson r = 0.70
LPA: Pearson r = 0.59
MVPA: Pearson r = 0.46

Pate et al.
(2006)

n = 29
Age = 3-5 years
Mean age = 4.4 years
16 girls, 13 boys

Pate et al.

Portable metabolic 20 minutes indoor and 20
system
minutes outdoor free play

VO2 Equation:
Spearman r = 0.66
MVPA cut-point:
Se = 96.6%; Sp = 86.2%;
% agreement = 0.69;
κ = 0.36; modified κ = 0.38

De Decker et
al. (2013)

n = 44
Age = 4-6 years
Mean age = 5.5 years
22 girls, 22 boys

Evenson et al.

Direct observation

60 minutes of classroom
activities at preschool

SB: ROC-AUC = 0.59;
Se = 58.5%; Sp = 61.2%

Reilly et al.
(2003)

n = 52
Age = 3-4 years
Mean age = 3.5 years
31 girls, 21 boys

Reilly et al.

Direct observation
(CPAF)

40 minutes of nursery
activities

SB: Se = 83%; Sp = 82%

Reilly et al.
(2006b)

n = 85
Age = 3-6 years
Mean age = 4.6 years
34 girls, 51 boys

Puyau et al.

Doubly labelled
water

Monitored for 7 days

TEE:
mean difference -0.03 MJ/d (P < 0.10);
limits of agreement: -3.2 to +3.8 MJ/d

Kahan et al.
(2013)

n = 57
Age = 4-5 years
Mean age = 4.7 years
32 girls, 25 boys

Evenson et al.
Direct observation
Pate et al.
(OSRAC-P)
Sirard et al.
van Cauwenberghe et al.

Outdoor play sessions

Time spent in SB was underestimated Evenson
and Pate (P < 0.001); Time spent in MVPA
was overestimated for Pate; No significant
difference was found for all others

ActiGraph
Free-living at preschools

Table 2.7 ActiGraph and Actical validation studies in preschool-aged children (continued)
Author

Sample

Cut point or equation

Criterion measure Activities

Kahan et al.
(2013)

n = 12
Age = 4-5 years
Mean age = NR
9 girls, 3 boys

Evenson et al.
Direct observation
Pate et al.
(OSRAC-P)
Sirard et al.
van Cauwenberghe et al.

Pfeiffer et al.
(2006)

n = 18
Age = 3-5 years
Mean age = 4.4 years
11 girls, 7 boys

Pfeiffer et al.

Portable metabolic 20 minutes indoor and 20
system
minutes outdoor free play

Oliver et al.
(2009)

n=6
Age = 3-4 years
Mean age = 3.9 years
2 girls, 4 boys

Pfeiffer et al.

Direct observation
(CARS)

Outdoor play sessions

Validity
SB
Evenson: Se = 75.2%, Sp = 66.4%.
Pate: Se = 50.0%, Sp = 85.7%.
Sirard: Se = 81.4%, Sp = 50.7%.
van Cauwenberghe: Se = 80.0%, Sp = 52.4%.
MVPA
Evenson: Se = 54.8%, Sp = 78.9%.
Pate: Se = 62.7%, Sp = 72.2%.
Sirard: Se = 35.8%, Sp = 87.6%.
van Cauwenberghe: Se = 53.9%, Sp = 79.1%.
Accuracy across all intensities
Evenson: κ = 0.58;
Pate: κ = 0.53
Sirard: κ = 0.48.
van Cauwenberghe: κ = 0.48

Actical
VO2 Equation:
Intra-class correlation = 0.59;
Spearman r = 0.80
MVPA cut-point:
% agreement = 0.73;
κ = 0.40; modified κ = 0.46

Outdoor play ranging from Overall agreement 82%;
9.9 minutes to 25.3
McNemar‘s test P = 0.01;
minutes
κ = 0.22

CARS, Child Activity Rating Scale; CPAF, Children‘s Physical Activity Form; OSRAC-P, Observational System for Recording Activity in Children – Preschool Version SB,
sedentary behaviour; LPA, light-intensity physical activity; MVPA, moderate- to vigorous-intensity physical activity; TEE, Total energy expenditure; Se, sensitivity; Sp,
specificity; ROC-AUC, area under the receiver operating characteristic curve.

Table 2.8 activPALTM validation studies in preschool-aged children
Author

Sample

Cut point or equation

Criterion measure Activities

Validity

Davies et al.
(2012)

n = 30
Age = 3-4 years
Mean age = 4.1 years
10 girls, 20 boys

activPALTM

Direct observation

60 minutes of usual
nursery activities

Sit/lie: Se = 92.8%; Sp = 97.3%
Stand: Se = 91.8%; Sp = 86.5%
Walk: Se = 77.9%; Sp = 96.5%

Davies et al.
(2012)

n = 30
Age = 3-4 years
Mean age = 4.1 years
10 girls, 20 boys

activPALTM

Direct observation

60 minutes of usual
nursery activities

Posture transitions:
Wilcoxon paired test showed significant
difference.
Spearman r = 0.79

De Decker et
al. (2013)

n = 44
Age = 4-6 years
Mean age = 5.5 years
22 girls, 22 boys

activPALTM

Direct observation

60 minutes of classroom
activities at preschool

Sitting:
ROC-AUC = 0.61; Se = 53.8%; Sp = 67.5%
Sitting and Standing:
ROC-AUC = 0.52; Se = 27.8%; Sp = 75.8%

activPAL

TM

Se, Sensitivity; Sp, specificity; ROC-AUC, area under the receiver operating characteristic curve
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2.3.5 Issues related to measuring physical activity and sedentary behaviour using
accelerometry
The differences in findings between studies examining the prevalence or health
outcomes of physical activity and sedentary behaviour previously (Sections 2.1and 2.2)
reported might be partly due to differences in the measurement of these behaviours and
interpretation of the resulting data. To improve many aspects of physical activity and
sedentary behaviour related research in preschool-aged children the most accurate
methods for objectively assessing these behaviours need to be identified. In addition,
this could possibly improve consistency between studies, making comparisons easier.
Therefore, methodological studies are needed to simultaneously validate accelerometerbased energy expenditure equations and cut-points. In addition, to improve the
measurement of sedentary behaviour (i.e. sitting) objective measures able to
differentiate between postures, such as the activPALTM, need to be further validated for
its ability to measure sedentary behaviour and physical activity intensity.

The aims and research questions of the research described in this thesis can be found in
Table 2.9. Broadly, the aim of this thesis was to examine the validity of existing
accelerometer cut-points and equations for classifying physical activity intensity and
estimating energy expenditure. In addition, the validity of the activPALTM for
determining time spent in different postures, physical activity intensities and estimating
energy expenditure was examined. As previously described (Section 2.3.2), one
established criterion measure for measuring energy expenditure is indirect calorimetry.
In the studies described in this thesis, room calorimetry will be used as the criterion
measure for energy expenditure. In addition, when defining posture and physical
activity intensity, direct observation will be used as the criterion measure.
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Table 2.9 Aims and research questions for the studies described in the following chapters
Aim 1: establish and assess the feasibility of a protocol for room calorimetry in 4- to 6-year-old children.
Chapter 3

Research questions:
1. What level of data loss/non-compliance can be expected when conducting room calorimeter studies in a sample of 4- to 6-year-old children?
2. What is the impact of diet-induced thermogenesis on room calorimeter measurements with a shorter fast?
3. Can stable and valid measures of resting energy expenditure be obtained from room calorimetry in this population?

Aim 2: examine the validity of existing accelerometer equations in predicting physical activity energy expenditure and categorising physical activity intensity among
preschool-aged children.
Chapter 4

Research questions:
1. What is the predictive validity of the current ActiGraph accelerometer equations for estimating energy expenditure in 4- to 6-year-old children?
2. What is the validity of the current ActiGraph cut-points when categorising physical activity intensity in 4- to 6-year-old children?

Chapter 5

Research questions:
1. What is the predictive validity of the current Actical accelerometer equations for estimating energy expenditure in 4- to 6-year-old children?
2. What is the validity of the current Actical cut-points when categorising physical activity intensity in 4- to 6-year-old children?

Aim 3: examine the validity of the activPALTM for determining time spent in different postures, physical activity intensities and estimating physical activity energy
expenditure .
Chapter 6

Research questions:
1. What is the validity of the activPALTM when classifying different postures in 4- to 6-year-old children?
2. What is the validity of the current activPALTM equations for predicting time spent in different postures and number of postural changes in 4- to 6-year-old
children?

Chapter 7

Research questions:
1. What is the predictive validity of current activPALTM equations estimating energy expenditure in 4- to 6-year-old children?
2. What is the optimal cut-point to classify moderate- to vigorous-intensity physical activity using the activPALTM in 4- to 6-year-old children?
3. What is the predictive validity of the developed moderate- to vigorous-intensity physical activity activPALTM threshold value in 4- to 6-year-old children?

Chapter 3
Practical utility and reliability of whole-room calorimetry in
young children

This chapter has been published as: Janssen, X., Cliff, D. P., Okely, A. D., Jones, R.
A., Batterham, M., Ekelund, U., Brage, S. & Reilly, J. J. (2013) Practical utility and
reliability of whole-room calorimetery in young children. British Journal of Nutrition
109(10): 1917-1922. (Appendix A)

Practical utility and reliability of whole-room calorimetry in young children
3.1

Introduction

Whole-room calorimetry has been of enormous value in the study of energetics in
animal models and in adult human subjects: it has been used to measure energy
expenditure, substrate oxidation and energy balance in a wide variety of nutritional
applications in many seminal studies (Elia, Stratton and Stubbs, 2003; Jebb et al., 1996;
Stubbs et al., 2004). The use of whole-room calorimetry in children and adolescents has
been less common, but, within this realm, has provided important insights into energy
metabolism in paediatric obesity (Butte et al., 2007), and been useful in short-term
studies aimed at the validation and calibration of devices to estimate free-living physical
activity and energy expenditure in children and adolescents (Puyau et al., 2002).

Energy balance during the preschool years (3- to 5-years) may be a period of the
lifecycle which is particularly important to the development of later obesity (Reilly,
2008; Taylor et al., 2004); however, the use of whole-room calorimetry in preschoolaged children at present is limited. There is concern over the feasibility of the use of
whole-room calorimetry with young children – the standard fasting requirements might
be difficult to adhere to and they may not be able to remain in the whole-room
calorimetry for the periods of time that have been used in adult studies. The ‗proof of
concept‘ that whole-room calorimetry is feasible in young children has been
demonstrated recently (Oortwijn et al., 2009), but standardised whole-room calorimetry
protocols for young children are not available, and some basic issues in the use of
whole-room calorimetry in early childhood have not been resolved. For example, it is
not clear if it is possible to measure resting energy expenditure in the calorimeter in
young children, given that young children find it difficult to remain still for a required
period of time and overnight fasting is not possible. In addition, the compliance with a
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graded 2.5-hour activity protocol – that is, are young children able to reach the required
variations in physical activity intensities? – has only previously been examined in a
small sample (n = 5) (Oortwijn et al., 2009). The present study, therefore, aimed to
establish a protocol for whole-room calorimetry in 4- to 6-year-old children, which
would permit the expansion of whole-room calorimetry in this age group in future
nutritional research.

The study addressed three specific questions: (1) what level of data loss/non-compliance
can be expected when conducting whole-room calorimetry studies in a sample of 4- to
6-year-old children?; (2) what is the impact of diet-induced thermogenesis on wholeroom calorimetry measurements with a shorter fast (given that it may be impractical to
fast young children overnight prior to whole-room calorimetry measures)?; (3) can
stable and valid measures of resting energy expenditure be obtained from whole-room
calorimetry in this population?

3.2

Methods

Study participants
The present study was based on a sample of forty healthy 4- to 6-year-old children and
was part of a larger study that aimed to validate various objective methods of estimation
of free-living energy expenditure and physical activity in young children.

During a first visit to the university participants were familiarized with the room
calorimeter and the activity protocol (Appendix D and Appendix E). During a second
visit, participants undertook a 150-minute protocol (Table 3.1 and Appendix D) in
which, following the rest period, they completed activities within the whole-room
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calorimetry. These were designed to increase their energy expenditure to light (> 1.5
and < 3 times predicted basal metabolic rate) and then to moderate- to vigorousintensities (≥ 3 times predicted basal metabolic rate), and to sufficiently sustain these
increases in energy expenditure so that at least one of the averaged 10-minute samples
from the whole-room calorimetry was within the threshold range for each intensity
(Oortwijn et al., 2009).

Participants were recruited from childcare centres (preschools, long-day and family-day
care) in the Illawarra region of New South Wales, Australia (population about 0.4
million; Appendix C). Children were excluded from the study if they had a disease
known to influence their energy balance, had a physical disability and/or were
claustrophobic. The study was approved by the University of Wollongong/SESIAHS
Health and Medical Human Research Ethics Committee (Appendix B), and all
participating parents provided informed written consent; their children assented to
participation (Appendix F).

Whole-room calorimeter
O2 consumption and CO2 production were measured continuously (paramagnetic O2 and
infrared CO2 analysers; Sable System, Inc.) in a negative-pressure open-system wholeroom calorimetry (3 m × 2.1 m × 2.1 m) (Hill, 1972) and corrected to standard
temperature, pressure and dryness. Temperature was maintained at 21°C and sampled
air was sent through a solid-state gas sample drying system (Peltier dryer; Maastricht
Instruments). Flow rates were monitored using Honeywell AWM720 P1 mass flow
meters. Flow rate was adjusted to 50 standard litres/minute based on pilot trials used to
examine the appropriate flow rate for the measurement of energy expenditure in
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children of this age. The O2 and CO2 analysers were referenced to fresh air for zero
readings and against a span gas and N2 every morning prior to data collection.
Additional to the ambient air measured for energy expenditure determination, N2 and
alpha standard gases were monitored as a continuous check on the precision of
calorimeter performance. Alcohol burns were performed periodically, which showed
CO2 recovery rates to be within 1%. The chamber air was sampled every 2 minutes and
rates of O2 consumption and CO2 production were calculated from in- and outflow, as
described in the literature (Schoffelen et al., 1997). The O2 consumption and CO2
production were then averaged over 10 minutes, and rates of energy expenditure were
calculated using the Weir equation (Weir, 1949). The set up of the whole-room
calorimetry and the adjustments made to make the facility more child friendly are
reported in more detail elsewhere (Oortwijn et al., 2009).

Study protocol
Compliance with graded activity protocol
The practical utility assessment (research question one) was based on data from the
children who participated in the main study. Children were asked to fast for 90 minutes,
after which they entered the whole-room calorimetry and followed the 150-minute
activity protocol (Table 3.1). Refusals to participate and data loss were quantified as
measures of practical utility. The present study estimated data loss/sample attrition over
the entire 150-minute whole-room calorimetry protocol by expressing the percentage of
the sample who provided acceptable energy expenditure data over at least one averaged
10-minute period. That is, at rest (sedentary), in light-intensity physical activity and
moderate- to vigorous-intensity physical activity participant data were valid if they had

53

Practical utility and reliability of whole-room calorimetry in young children
acceptable data for at least one averaged 10-minute period in that intensity (all defined
on the basis of multiples of predicted basal metabolic rate from the Schofield equation).

Overnight fasted compared with 90-minute fasted measures
Of the forty children who completed the 150-minute whole-room calorimetry protocol,
a sub-study was conducted with six children (two girls and four boys). These children
were asked to complete two additional 60-minute resting protocols to examine the effect
of consumption of a light breakfast, about 90 minutes before the first measurements of
energy expenditure within the whole-room calorimetry (research question 2). The first
resting protocol took place after an overnight fast. On the morning of their second visit,
parents were asked to give their children a standardised breakfast (approximately 711
kJ) at 07.00 hours and only give them sips of water thereafter. On both visits, children
and their parents arrived at the whole-room calorimetry at approximately 08.15 hours.
Before entering the whole-room calorimetry, children's height and weight were
measured using standardised procedures. Height was measured to the nearest 0.1 cm
using a portable stadiometer (PE87; Mentone Educational Centre) and weight was
measured to the nearest 0.1 kg using a calibrated electronic scale (Tanita BC-418A;
Tanita Corporation of America). Children were fitted with an ActiGraph GT3X
accelerometer (ActiGraph; LLC). The ActiGraph GT3X is an activity monitor, which is
attached to an elastic belt and worn on the right hip. It has been shown to be a valid and
reliable device to measure children's sedentary behaviour and physical activity levels
(Cliff, Reilly and Okely, 2009). Children entered the whole-room calorimetry at around
08.30 hours. Children were asked to enter the whole-room calorimetry, sit still on a
beanbag and watch a self-selected movie for 60 minutes, after which they left the room.

54

Practical utility and reliability of whole-room calorimetry in young children
Children were observed by researchers, one of their parents and filmed during the entire
protocol in the whole-room calorimetry.

During the 150-minute protocol for the main study, and the 60-minute protocol for the
sub-study, children were in contact with parents and the researcher via an intercom in an
adjoining room. The children could also see their parents at all times through a large
window in the adjoining wall (Oortwijn et al., 2009). In the 150-minutes protocol for
the main study, a trained early childhood educator led the children through the various
stages of the protocol.

Measured resting energy expenditure compared with predicted basal metabolic rate
The third research question of whether or not measures of resting energy expenditure
within the whole-room calorimetry were physiologically plausible was examined by
comparing them with estimates of basal metabolic rate predicted from the Schofield
equation (Schofield, 1985), using both the data from the main study (n = 40 potentially
available) and from the sub-study (n = 6). Estimation, rather than measurement, of basal
metabolic rate has been the standard practice in most energy expenditure studies in early
childhood (Reilly et al., 2004), and is also used widely in studies of older children (Ball
et al., 2001). It has been suggested that the Schofield equation provides unbiased
estimates of basal metabolic rate relative to ventilated hood indirect calorimetry in
young children (Firouzbakhsh et al., 1993). Informal visual inspection of the children
being measured has been sufficient to establish that the children are actually at rest in
previous studies (Jackson, Pace and Speakman, 2007; Ventham and Reilly, 1999), and
the method used in the present study was a more formal direct observation using the
Children's Physical Activity Rating Scale (DuRant et al., 1993) from the filmed records.
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The reliability of resting energy expenditure measures within the calorimeter was
assessed using repeated 10-minute blocks of energy expenditure data from the substudy.
Table 3.1 Whole room calorimetry protocol for the main study†
Activity
Sedentary Intensity
Watching TV–sitting in a beanbag
Talking on telephone with parents – sitting
Reading books with a cassette – sitting
Drawing/colouring in – sitting
Subtotal
Light Intensity
Playing with toys, Lego, dolls, puzzles, games – sitting on floor
Drawing on a whiteboard – standing
Personal grooming (brushing teeth, hair, washing hands/face)
Dressing up in costumes
Playing musical instruments – standing
Domestic chores (hanging out washing, setting table)
Mini-golf
Walking on spot – light effort (Wii game)
Playing quoits
Subtotal
Moderate and vigorous intensity
Cleaning (packing away toys, dusting, sweeping)
Running on spot – moderate effort (Wii game)
Hopscotch, star jumps, walking stairs
Shooting small basketball into small ring on wall
Animal walks (e.g., like a chicken, kangaroo, bear)
Wii sports cycling
Hitting a balloon in the air and catching it
Circuit (walking up foam stairs, jumping off,
crawling through a standing hoop, and running back)
Running on the spot (Wii game)
Dancing/aerobics (Wii Game)
Subtotal
GRAND TOTAL

Estimated time (min)
30
2
5
10
47
20
3
3
5
5
4
5
2
3
50
5
5
5
3
5
10
5
5
5
2
50
147

† n = 40, 18 girls, 22 boys.

Data analysis
Compliance with the resting protocol during measurement of resting energy expenditure
was confirmed by visual inspection (Butte et al., 2007; Puyau et al., 2002). The first 10
minutes of data within the whole-room calorimetry were seen as the ‗settling
in‘/calorimeter lag period and were not used in the analyses (Jackson, Pace and
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Speakman, 2007; Ventham and Reilly, 1999). In addition, any measurement periods
involving large movements were excluded from the data analysis (Jackson, Pace and
Speakman, 2007). After excluding invalid data defined by direct observation, ActiGraph
data were used to verify whether the children were sedentary (counts per 15 s ≤ 25).
Mean ActiGraph counts per 15 seconds were as follows for the 2nd (95 % CI = 10–20
minutes), 3rd (95% CI = 20–30 minutes) and 4th (95% CI = 30–40 minutes) 10-minute
data blocks of the resting protocols, respectively – overnight fast: 13.3 (95% CI = -19.3,
45.9), 19.8 (95% CI = -18.0, 57.6), 6.9 (95% CI = -2.2, 16.0), and 90-minute fast: 5.3
(95% CI = -2.4, 13.1), 11.9 (95% CI = -8.5, 32.4), 14.8 (95% CI = -5.1, 34.7). The
results of a repeated-measures ANOVA did not show a significant difference between
the 2nd, 3rd and 4th 10-minute data blocks of the resting protocol (P = 0.730 and 0.598
for the overnight fast and 90-minute fast resting energy expenditure measures,
respectively). With these combined methods, we are confident that the children were
resting at the time points that have been included for data analysis.

An average resting energy expenditure was calculated over all the remaining valid data
points. A paired-samples t test was used to determine the difference between resting
energy expenditure measured after an overnight fast and after a 90-minute fast. In
addition, paired-samples t tests were used to determine whether there was a difference
between estimates of basal metabolic rate using the Schofield equation and the resting
energy expenditure measured within the whole-room calorimetry after an overnight fast
and after a 90-minute fast. The stability of resting energy expenditure measures within
the whole-room calorimetry was tested by calculating intra-individual coefficient of
variation (Jackson, Pace and Speakman, 2007; Ventham and Reilly, 1999). A repeatedmeasures ANOVA was used to determine whether a decline in energy expenditure
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during the duration of the protocol (as a result of a declining contribution of dietinduced thermogenesis to measured energy expenditure) was discernible.

3.3

Results

Characteristics of participants
Characteristics of study participants are summarised in Table 3.2 for both the main
study and the sub-study.

Table 3.2 Participants characteristics

Age (years)
Height (cm)
Weight (kg)
BMI (kg/m2)
Predicted BMR (MJ/day)

Main study†
Mean
SD

Mean

SD

5.3
112.7
20.6
16.1
3.9

5.5
114.5
20.6
15.7
4.0

1.1
6.7
2.5
1.0
0.2

1.0
8.1
3.7
1.5
0.4

Sub-study‡

† n = 40, 18 girls, 22 boys; ‡ n = 6, 2 girls, 4 boys. SD, standard deviation; BMR, basal metabolic rate

Compliance with graded activity protocol
A total of fifty-four children were identified as being eligible and forty-four agreed to a
first familiarisation visit within the whole-room calorimetry, after which forty agreed to
participate in the main study. Missing data for the main study were due to calorimeter
malfunction (n = 2) or non-compliance. Non-compliance with the activity protocol was
a result of not meeting the required intensity; that is, sedentary (n = 5), and/or moderateto vigorous-intensity physical activity (n = 4), of the 150-minute protocol, and children
ending the protocol early (n = 2) (Figure 3.1). This meant that for the thirty-eight
children unaffected by calorimeter failures, thirty-three (86.8%), thirty-six (94.7%) and
thirty-four (89.5%) complied with the sedentary behaviour, light- and moderate- to
vigorous- intensity physical activity components of the protocol, respectively. The
average energy expenditure reached during the protocol was 0.172 (± 0.038) kJ/kg per
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minute (1.3 ± 0.2 predicted basal metabolic rate), 0.226 (± 0.029) kJ/kg per minute (1.7
± 0.2 predicted basal metabolic rate) and 0.402 (± 0.092) kJ/kg per minute (3.1 ± 0.8
predicted basal metabolic rate) for sedentary behaviour, light- and moderate- to
vigorous-intensity physical activity, respectively.

Parents contacted research team for
more information and were assessed
for eligibility
(n = 54)

Total recruited to come in for
familiarisation visit
(n = 44)

EXCLUDED (n = 10)
1. Ineligible
 Too old (n = 1)
2. Eligible but not recruited
 Not interested in the study
once it was explained in
detail (n = 9)

NO 2nd VISIT (n=4)
 Refused to participate (n = 2)
 Was sick on date of assessment(n = 1)
 Unable to schedule 2nd visit (n = 1)
Total attending test day
(n = 40)

Data available for analysis:
 Sedentary data (n = 33)
 LPA data (n = 36)
 MVPA data (n = 34)
 All intensities(n = 30)

DATA LOSS:
 No valid sedentary data
o Ending protocol early(n = 1)
o Not sitting still(n = 4)
 No valid LPA data
o Ending protocol early (n = 2)
 No MVPA data
o Ending protocol early(n = 2)
o Not reaching required intensity(n = 2)
 All data lost due to calorimeter malfunction
(n=2)

Figure 3.1 Flow of participants through the study. LPA, light-intensity physical activity; MVPA,
moderate- to vigorous-intensity physical activity
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Overnight fasted compared with 90-minute fasted measures
For the sub-study (n = 6), no significant differences were found between resting energy
expenditure measured after an overnight fast and after a 90-minute fast (4.73 (± 0.61)
and 5.07 (± 1.04) MJ/d, respectively, P = 0.427) (Figure 3.2). There was no significant
change in measured resting energy expenditure in both overnight fasted (P = 0.904) and
90-minute fasted (P = 0.598) states during the duration of the protocol, and therefore
there was no indication of a systematic decline in measured resting energy expenditure
as a result of a declining contribution of diet-induced thermogenesis (Figure 3.3).

Measured resting energy expenditure compared with predicted basal metabolic rate
The resting energy expenditure measured in the main study, with thirty-three children
who fasted for 90 minutes prior to the first measurement, was significantly higher than
basal metabolic rate predicted from the Schofield equation (4.73 ± 1.12 and 3.99 ± 0.36
MJ/d, respectively, P < 0.001) (Figure 3.2). From the sub-study of six children, both the
overnight fasted (4.73 ± 0.61 MJ/d, P = 0.024) and 90-minute fasted (5.07 ±1.04 MJ/d,
P = 0.042) measures of resting energy expenditure were significantly higher than
predicted basal metabolic rate (3.96 ± 0.18 MJ/d) (Figure 3.2).

Stability of resting metabolic rate measures
From the sub-sample of six children, the mean intra-individual coefficient of variation
was 14.6% (± 3.5%) for resting energy expenditure measured in an overnight fasted
state and 9.9% (± 4.5%) for resting energy expenditure measured in a 90-minute fasted
state.
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Figure 3.2 Mean resting energy expenditure (REE; MJ/d) measured and predicted for both the main
sample (n = 33) and sub-sample (n = 6). * Significantly different from Schofield prediction (P < 0.05). █,
measured REE after 90-minute fast; █, measured REE after overnight fast; █, predicted basal metabolic
rate using Schofield equation

Figure 3.3 Resting energy expenditure (REE) at different time points in the fasting protocol (n = 6).
█, overnight fast; █, 90-minute fast
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3.4

Discussion

Our results show that the majority of young children were able to follow the 150-minute
whole-room calorimetry protocol, which involved a graded transition from resting and
sedentary activities to light- and moderate- to vigorous-intensity physical activity, and
the 60-minute resting protocol. In addition, there was only minor data loss/noncompliance with both whole-room calorimetry protocols. With a developmentally
sensitive approach, the whole-room calorimetry is feasible and can be standardised
adequately even in 4- to 6-year-old children. These findings confirm and expand on
those from a previous pilot study, suggesting that whole-room calorimetry is an option
for measurement of energy expenditure in preschool children (Oortwijn et al., 2009).

The resting energy expenditure measured in an overnight fasting state was slightly
smaller than resting energy expenditure measured after a 90-minute fasting state.
However, this difference was not statistically significant. This may be attributed to
measures beginning at least 90 minutes after a light standardised breakfast was
consumed, and so diet-induced thermogenesis may have been negligible by the time
energy expenditure measures were being conducted. Alternatively, the measurement of
energy expenditure may not have been sensitive enough to detect a small decline in
resting energy expenditure while fasting (as a result of declining diet-induced
thermogenesis), especially with only a small sample. In addition, activity energy
expenditure in children is relatively small due to their low body mass and, therefore,
even though the difference was not significant, the slightly smaller resting energy
expenditure measured after an overnight fast might be of physiological importance. The
basal metabolic rate predicted by the Schofield equation was significantly lower than
both resting energy expenditure measured in the overnight fasted (mean difference =
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0.77 MJ/d) and 90-minute fasted states (mean difference = 1.10 and 0.74 MJ/d in the
sub-sample (n = 6) and main sample (n = 33)), possibly because children were seated
rather than lying down. The present study suggests that any effects of diet-induced
thermogenesis in energy expenditure data within the whole-room calorimetry ≥ 90
minutes after consumption of the light standard breakfast is likely to be small, or at least
not detectable. In addition, the reliability of resting energy expenditure measures
appeared better in the 90-minute fasted condition compared with the overnight fasted
condition, and the former is generally more likely to be acceptable to families and
human research ethics committees.

Published studies on the use of whole-room calorimetry in 4- to 6-year-old children are
unavailable and so no direct comparisons can be made between the present study and
other studies. In a study which used a ventilated hood calorimeter in eleven children of
average age 4.2 years (Jackson, Pace and Speakman, 2007), the highest reliability in
resting energy expenditure measures was obtained when data collected during whole
body movements were excluded, and, at best, the coefficient of variation for repeated
resting energy expenditure measures was 7%, only a little lower than that observed in
the present study for the 90-minute fasted protocol. However, in older children, lower
coefficient of variation values (< 4%) for resting energy expenditure, measured using
the ventilated hood, have been reported (Ventham and Reilly, 1999). The slightly
increased coefficient of variation seen in the present study, compared with the preschool
study of Jackson et al. (2007), might be due to the longer measurement period used and
variance within the calorimeter. The reliability of energy expenditure measurement
within the calorimeter will influence the ability to detect differences between groups
and changes within individuals, but the extent to which this matters will depend on the
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circumstances. Results from the present study may be useful to future users of wholeroom calorimetry in planning how to, or whether to, use such equipment and procedures
in young children.

The present study had a number of limitations. We were unable to apply the longduration (e.g. 24 hours) protocols and stringent conditions to whole-room calorimetry,
which have been typical of adult studies, but this was inevitable given the age of the
study participants. Our findings refer specifically to adapted whole-room calorimetry
activity protocols of < 3 hours and whole-room calorimetry resting protocols of around
1 hour. Generalisability of the present study may be highest when similar samples of
young children are studied, and some features specific to the present study (e.g. wholeroom calorimetry characteristics) may limit generalisability. The sample of thirty-three
children was both relatively large and homogeneous in terms of age compared with
previous studies of the reliability of energy expenditure measurement in preschool
children (Jackson, Pace and Speakman, 2007; Ventham and Reilly, 1999), but it was not
possible in the timeframe to recruit more than six children to the sub-study of the effect
of diet-induced thermogenesis. With a sample of six, power to detect differences
between the two fasting protocols or to detect changes in resting energy expenditure
within children over time may have been limited. In addition, resting energy
expenditure was not measured while children were lying down: children were reclined
on a beanbag while watching a movie. This was considered the most appropriate
procedure for this age group, as it would not be feasible for children 4- to 6-years of age
to lie still and recumbent for a prolonged period of time (30 minutes, which was needed
due to the sample frequency of the calorimeter) without having something (i.e. a movie)
to engage their attention. This might have influenced resting energy expenditure
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measures. The use of the Schofield prediction equation was chosen as a proxy for true
or physiological basal metabolic rate. While one previous study of thirteen preschoolaged children found no significant difference between Schofield-predicted basal
metabolic rate and ventilated-hood-measured resting energy expenditure (Firouzbakhsh
et al., 1993), the evidence base which has cross-validated the Schofield equation in this
age group is limited. Biases in predictions from the Schofield equation may not be that
surprising, and, at the individual level, large errors are to be expected given wide
standard errors of the estimate in the Schofield equation.

In conclusion, the use of whole-room calorimetry is feasible and can be standardised
adequately even in 4- to 6-year-old children. In addition, the effect of a light
standardised breakfast, approximately 90 minutes before measurements, is likely to be
small. However, this might be of physiological importance and, therefore, we
recommend using predicted basal metabolic rate using the Schofield equation. The
outcomes of the present study could help future users in planning how to use wholeroom calorimetry in young children.
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Predictive validity and classification accuracy of ActiGraph equations and cut points
4.1

Introduction

Measuring young children‘s physical activity and sedentary behaviour objectively is
important to improve all aspects of physical activity-related research in this age group.
Accelerometry has become the method of choice to objectively assess children‘s freeliving habitual physical activity and sedentary behaviour and the ActiGraph
accelerometer is the most widely used in young children (Beets et al., 2011; Cliff, Reilly
and Okely, 2009; Hinkley et al., 2012). Although accelerometry is becoming more
widely used among young children, this method is not without limitations. Several
equations (Pate et al., 2006; Puyau et al., 2002) and cut-points (Evenson et al., 2008;
Pate et al., 2006; Puyau et al., 2002; Reilly et al., 2003; Sirard et al., 2005; Van
Cauwenberghe et al., 2011) have been developed to predict energy expenditure and
classify physical activity intensity or sedentary behaviour from ActiGraph
accelerometer output counts per time unit. The accuracy of these equations for
predicting energy expenditure over the range of physical activity intensities is, however,
unclear. Differences in energy expenditure equations (Pate et al., 2006; Puyau et al.,
2002) and physical activity intensity cut-points (Evenson et al., 2008; Pate et al., 2006;
Puyau et al., 2002; Reilly et al., 2003; Sirard et al., 2005; Van Cauwenberghe et al.,
2011) exist. Differences may be due to the methods used to develop these equations
and/or cut-points (Evenson et al., 2008; Pate et al., 2006; Puyau et al., 2002; Reilly et
al., 2003; Sirard et al., 2005; Van Cauwenberghe et al., 2011). Some studies have used
energy expenditure measured by indirect calorimetry as the criterion measure (Evenson
et al., 2008; Pate et al., 2006; Puyau et al., 2002), whereas others have used direct
observation (Reilly et al., 2003; Sirard et al., 2005; Van Cauwenberghe et al., 2011)
sometimes using different instruments or criteria to define physical activity intensity. In
addition, there are differences in the age ranges examined, and activities included in the
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validation protocols vary from using only ambulatory activities (walking and running)
(Pate et al., 2006) to including free-living activities (e.g. arts and crafts and stair
walking) (Evenson et al., 2008; Puyau et al., 2002; Reilly et al., 2003; Sirard et al.,
2005; Van Cauwenberghe et al., 2011).

Applying different cut-points results in substantial differences in the estimated time
children spend in different intensities of physical activity. These inconsistencies make it
difficult to compare findings between studies (Cliff and Okely, 2007; Reilly et al., 2008;
Van Cauwenberghe et al., 2011) and to determine the extent to which young children
are physically active and meet physical activity guidelines (Beets et al., 2011). To
establish which, if any, equations and cut-points are most accurate, they need to be
simultaneously cross-validated in an independent sample of children using a
standardized activity protocol and appropriate criterion measures. To our knowledge,
there are no studies demonstrating the most accurate equations and cut-points among
preschool children. Therefore, the aims of this study were to: 1) examine the predictive
validity of ActiGraph energy expenditure equations; and 2) compare the classification
accuracy of ActiGraph cut-points for classifying sedentary behaviour and physical
activity intensity, in 4- to 6-year-olds.

4.2

Methods

Ethics Statement
The study was approved by the University of Wollongong/ South Eastern Sydney and
Illawarra Area Health Service Human Research Ethics Committee (Appendix B).
Parents provided informed written consent, and their children provided their verbal
assent to participate in the study (Appendix F).
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Study participants
Participants were recruited from the Illawarra region of New South Wales, Australia
(Appendix C) as part of a larger study examining the validity of several activity
monitors. Children were excluded from the study if they had a disease known to
influence their energy balance, had a physical disability and/or were claustrophobic.

Protocol
During a first visit to the university participants were familiarized with the room
calorimeter and the activity protocol (Appendix D and Appendix E). A second visit
occurred within a week after the first visit. Parents were asked to give their child a
standardized breakfast 1.5 hours before entering the room calorimeter as it was
considered unfeasible to ask young children to fast overnight before completing a 2.5hour activity protocol in a room calorimeter. Participants followed a 150-minute activity
protocol within the room calorimeter. This included child-appropriate activities
involving sedentary behaviours, light-, and moderate- to vigorous-intensity physical
activity. All children were guided through the protocol by a research assistant and
performed all activities in an identical order over a pre-determined duration as described
in Table 3.1. Children were encouraged to move immediately from one activity to the
other. However, if children required a rest, they were allowed to have a break. Start and
end times of these breaks were noted down and removed from the data for analysis.

Room Calorimeter
Oxygen consumption (VO2) and carbon dioxide production (VCO2) were measured
continuously (paramagnetic O2 and infrared CO2 analysers, Sable System Inc., Las
Vegas USA) and corrected to standard temperature, pressure and humidity in the room
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calorimeter (3 m x 2.1 m x 2.1 m) at the University of Wollongong. Technical
procedures are described in more detail elsewhere (Janssen et al., 2013). Chamber air
was sampled every two minutes and rates of O2 consumption and CO2 production were
then averaged over 10-minute blocks to produce stable measures of energy expenditure
(Schoffelen et al., 1997). Energy expenditure for every 10-minute block was calculated
using the Weir equation (Weir, 1949). Individualized multiples of resting energy
expenditure (METs) were calculated by dividing measured energy expenditure for each
child by their individually estimated basal metabolic rate using the Schofield equation
for children aged 4-10 years (Schofield, 1985). The 10-minute blocks of energy
expenditure were classified, based on their equivalent MET values, into physical
activity intensities as follows; sedentary behaviour ≤ 1.5 times predicted basal metabolic
rate, light-intensity physical activity 1.6 to 2.9 times predicted basal metabolic rate and
moderate- to vigorous-intensity physical activity ≥ 3.0 times predicted basal metabolic
rate. Activity energy expenditure was calculated by deducting basal metabolic rate from
measured energy expenditure.

Direct observation of physical activity intensity
Each child was videotaped during their time in the room calorimeter and activity start
and end times, breaks and transitions were recorded. physical activity intensity was
classified based on the Children‘s Activity Rating Scale (CARS) (DuRant et al., 1993;
Puhl et al., 1990). CARS is based on a 1 to 5 coding scheme and is a reliable and valid
tool to assess physical activity levels in young children (DuRant et al., 1993; Puhl et al.,
1990). It has been used in several accelerometer validation studies in young children
(De Bock et al., 2010; Van Cauwenberghe et al., 2011). Video footage was coded using
Vitessa 0.1 (Version 0.1, University of Leuven, Belgium). Data were coded by one
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observer who undertook two days of CARS training. After coding, a weighted average
CARS score was calculated by multiplying each numeric activity code by the
percentage of 15 seconds or 60-seconds in that time interval and summing the products.
Averaged epochs were classified into intensity categories using the CARS criteria:
sedentary behaviour < level 2.0; light-intensity physical activity ≥ level 2.0 and ≤ 3.0;
moderate- to vigorous-intensity physical activity > level 3.0 (Puhl et al., 1990).

Accelerometry
The ActiGraph GT3X (ActiGraph Corporation; Pensacola USA) uses a solid-state triaxial accelerometer. In this study only the vertical axis was used as the cut-points and
equations included for testing were developed based on accelerometer counts from the
vertical axis. Before each experiment the accelerometer was initialized to collect data in
15-second epochs. Before entering the room calorimeter children were fitted with an
ActiGraph GT3X which was worn on the right mid-axillary line of the hip and secured
with an elastic belt.

Data reduction
Prediction of energy expenditure
As shown in Table 4.1, ActiGraph counts were converted to activity energy expenditure
or VO2, using the Puyau or Pate equations according to the specified units in the
equation (Pate et al., 2006; Puyau et al., 2002) and averaged over 10-minute blocks. To
adjust for the high y-intercepts of the equations, a flex-point of 25 counts per 15
seconds, which is a commonly used sedentary behaviour cut-point, was used (Evenson
et al., 2008). This meant that whenever counts per 15 seconds were < 25 predicted
energy expenditure values were assigned activity energy expenditure = 0 kJkg-1min-1,
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or VO2 = 9.1mlkg-1min-1 depending on the equation used (Pate et al., 2006; Puyau et
al., 2002). Participants‘ predicted and measured energy expenditure data were averaged
per intensity and over the duration of the protocol. Predicted energy expenditure values
were then compared to measured energy expenditure values by the room calorimeter.

Prediction of physical activity intensity
ActiGraph output and direct observation data were used as 15-second epochs or
converted to 60-second epochs depending on the cut-point used. As shown in Table 4.1,
ActiGraph data were classified as sedentary behaviour, light- or moderate- to vigorousintensity physical activity using ActiGraph cut-points defined by Evenson, Sirard, van
Cauwenberghe, Reilly, Pate and Puyau (Evenson et al., 2008; Pate et al., 2006; Puyau et
al., 2002; Reilly et al., 2003; Sirard et al., 2005; Van Cauwenberghe et al., 2011) and
aligned with the criterion epochs. Epochs were excluded from data analyses if they were
part of a break between activities or the child was off screen in the direct observation
videos. Reilly et al. (2003) only examined sedentary behaviour and therefore no light- or
moderate- to vigorous-intensity physical activity cut-point was available. Evenson and
Puyau were developed in older children, however, Evenson has been shown to be most
accurate in 5-15 year-olds and was therefore included (Trost et al., 2011). The Puyau
cut-point has been used extensively in preschool studies (Reilly et al., 2004; Reilly et
al., 2006a).

The required energy expenditure for a given activity varies between individual children
(Pate et al., 2006; Trost et al., 2011). Because direct observation systems such as CARS
rely on subjective classification and use general category descriptions to assign levels to
activities based on the apparent intensity of the activity, it is possible that
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misclassification may occur for some individuals. To overcome this potential limitation
and confirm findings for physical activity intensity classification based on direct
observation, we developed an additional criterion measure including both direct
observation and energy expenditure measured by the room calorimeter. Ten minute
average energy expenditure values were divided by predicted basal metabolic rate to
define intensity levels. Each of the forty 15-second epochs within the 10min
immediately prior to the measured average energy expenditure value were classified as
sedentary behaviour, light-, or moderate- to vigorous-intensity physical activity. Direct
observation data and energy expenditure data were compared for every 15-second or 60second epoch. Thereafter, criterion epochs were excluded if physical activity intensity
defined using energy expenditure measured by the room calorimeter did not agree with
the intensity levels derived via direct observation. That is, agreement was established if
both measures provided the same intensity classification (e.g. for sedentary behaviour,
measured energy expenditure and the weighted CARS value had to be ≤ 1.5 METs and
< level 2, respectively). In addition, to ensure that any small time lag in the calorimeter
readings would not lead to mismatching criterion data with accelerometer data, epochs
within the first and last minute of a 10-minute energy expenditure data block were
excluded. Likewise, criterion epochs which were part of a break between activities were
excluded. Last, criterion epochs were excluded if they were not part of at least four
consecutive 15-second epochs within which children were active at a consistent
intensity (Figure 4.1). ActiGraph data were classified as described using procedures
consistent with the direct observation only analysis. Classified ActiGraph data were
then compared with criterion epochs derived from combining measured energy
expenditure and direct observation data.
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Statistical analysis
Measured energy expenditure and predicted energy expenditure were compared using
dependent t-tests with a Bonferroni adjustment for multiple comparisons (i.e. sedentary
behaviour, light-intensity physical activity, moderate- to vigorous-intensity physical
activity and activity energy expenditure (P < 0.0125). In addition, to assess the variance
in the difference between predicted versus measured energy expenditure within subjects
the coefficient of variation was calculated for each activity level. This was done by
dividing the mean difference by the standard deviation per participant for each intensity.
To evaluate classification accuracy, sensitivity (Se), specificity (Sp), and area under the
receiver operating curve (ROC-AUC) were calculated. ROC-AUC values were defined
as excellent (0.9-1.0), good (0.8-0.9), fair (0.7-0.8), or poor (<0.7) (Metz, 1978). All
statistical analyses were performed using STATA Version 12 (StataCorp, College
Station, USA).
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Table 4.1 Calibration studies developing ActiGraph cut-points and equations used among preschool-aged children
Author

Sample

Criterion measure

Evenson et al. (2008)

n = 33
Age = 5-8 years
Mean age = 7.3 years
21 girls, 12 boys

Portable metabolic system

Sirard et al. (2005)

n = 16
Age = 3-5 years
Mean age = NR
5 girls, 11 boys
n = 18
Age = 4-6 years
Mean age = 5.8 years
10 girls, 8 boys
n = 29
Age = 3-5 years
Mean age = 4.4 years
16 girls, 13 boys
N = 26
Age = 6-16years
Mean age = 10.7 years
12 girls, 14 boys

Direct observation (CARS)

N = 30
Age = 3-4 years
Mean age = 3.7 years
10 girls, 20 boys

Direct observation (CPAF)

van Cauwenberghe et al.
(2011)

Pate et al. (2006)

Puyau et al.‡ (2002)

Reilly et al. ‡ (2003)

‡

Direct observation (CARS)

Portable metabolic system

Whole room calorimetry

Activities included in
calibration protocols
Sit, watch TV, colouring in,
slow walk, stair climbing,
dribble basketball, brisk walk,
bicycling, jumping jacks,
running.
Sitting, sitting and playing, slow
walking, fast walking, jogging.

Equation/Cut point

SB
LPA
MVPA

SB
LPA
MVPA
Sitting, standing, drawing,
SB
walking, jogging at seven speed LPA
levels, free play session.
MVPA

counts15s-1
≤ 25
> 25
≥ 574

counts60s-1
≤ 100
> 100
≥ 2296

Age 4:
≤ 363
> 363
≥ 813
≤ 372
> 372
≥ 585

Age 4:
≤ 1452
> 1452
≥ 3252
≤ 1488
> 1488
≥ 2340

Age 5:
> 398
≤ 398
≥ 891

Age 5:
≤ 1592
> 1592
≥ 3564

Rest, slow walking, brisk walk
and running.

VO2 = 10.0714 + 0.02366 x counts/15s
SB
≤ 37
≤ 148
LPA
> 37
> 148
MVPA
≥ 420
≥ 1689
Computer games, arts and crafts, AEE = 0.0183 + 0.000010 x counts/min
playing with toys, walking,
SB
≤ 199
≤ 799
martial arts, running, jumping a LPA
> 199
> 799
rope, skipping, soccer.
MVPA
≥ 799
≥ 3199
No structured activities.

SB
LPA
MVPA

≤ 274
NA
NA

≤ 1099
NA
NA

developed as 60 second epochs; AEE, activity energy expenditure; SB, sedentary behaviour; LPA, light-intensity physical activity; MVPA, moderate- to vigorous-intensity

physical activity.

Predictive validity and classification accuracy of ActiGraph equations and cut points

Figure 4.1 Selection procedures for including valid epochs to determine the classification accuracy of
ActiGraph cut-points for defining physical activity intensity

4.3

Results

Of the 44 children enrolled in the study, four ended their participation early due to
illness (n = 1); inability to schedule a second visit (n = 1); or refusal to participate in the
activity protocol (n = 2). Of the 40 children who completed both visits, two had missing
data due to calorimeter malfunction. For the remaining 38 children, 33 (86.8%), 36
(94.7%), and 34 (89.5%) had at least one 10-minute block of sedentary behaviour, light, and moderate- to vigorous-intensity physical activity, respectively, according to
measured energy expenditure values. Descriptive characteristics are presented in Table
4.2.
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Table 4.2 Participant characteristics
Total sample
(n = 40)
Age (years)
5.3 ± 1.0
Height (cm)
112.7 ± 8.1
Weight (kg)
20.6 ± 3.7
BMI (kg/m2)
16.1 ± 1.5
% overweight*
25.0

Boys
(n = 22)
5.2 ± 1.0
114.3 ± 6.2
21.5 ± 2.4
16.5 ± 1.3
27.2

Girls
(n = 18)
5.3 ± 1.1
110.9 ± 9.7
19.4 ± 4.6
15.5 ± 1.6
22.2

Values are mean ± standard deviation; *defined according to Cole et al. (2000).

Prediction of energy expenditure. Observed and predicted VO2 and activity energy
expenditure values for the Pate and Puyau equations are shown in Figure 4.2 A and B.
The Pate equation significantly overestimated VO2 during sedentary behaviour and
light-intensity physical activity and for total VO2 (P < 0.001) but did not show a
significant difference between measured and predicted VO2 during moderate- to
vigorous-intensity physical activity (P = 0.072). However, at the individual level the
coefficient of variation was 52.9%, 78.0%, 67.5%, and 91.3% for sedentary behaviour,
light-, and moderate- to vigorous-intensity physical activity and total VO2 respectively.
The Puyau equation significantly underestimated activity energy expenditure during
moderate- to vigorous-intensity physical activity and light-intensity physical activity
and for total activity energy expenditure (P < 0.0125) but did not show a significant
difference for activity energy expenditure during sedentary behaviour (P = 0.5481). For
sedentary behaviour, light-intensity physical activity, moderate- to vigorous-intensity
physical activity and total activity energy expenditure the coefficient of variation was
70.5%, 75.5%, 44.1%, and 98.8% respectively.
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A

B

Figure 4.2 Measured versus predicted mean energy expenditure values (SD) for the Pate (A) and Puyau
(B) equations.*Statistically significant (P < 0.0125). SB, sedentary behaviour; LPA, light-intensity
physical activity; MVPA, moderate- to vigorous-intensity physical activity.
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Prediction of physical activity intensity
Table 4.3 reports the total numbers of epochs included when using direct observation
alone and combined direct observation and measured energy expenditure as the criterion
measure. Using direct observation alone as the criterion measure, classification accuracy
for sedentary behaviour was good and significantly higher for Evenson compared to all
others (P < 0.05). For light-intensity physical activity, all cut-points exhibited poor
classification accuracy. However, classification accuracy was significantly higher for
Evenson compared to all others (P < 0.05). For moderate- to vigorous-intensity physical
activity, using the Pate cut-point resulted in fair classification accuracy which was
significantly higher compared to all others (P < 0.05). Results are reported in Table 4.4.

Table 4.3 Included data
% of epochs included when using
direct observation as criterion measure
(number of epochs included)
SB
LPA
MVPA
Total

96.3 (6881)
96.4 (7325)
62.5 (4747)
84.8 (18953)

% of epochs included when using direct
observation combined with energy expenditure
as criterion measure (number of epochs
included)
57.5 (4108)
65.1 (4945)
21.3 (1617)
47.8 (10670)

SB, sedentary behaviour; LPA, light-intensity physical activity; MVPA, moderate- to vigorous-intensity
physical activity.

When combining direct observation with measured energy expenditure as criterion
measure results were slightly inflated compared to using direct observation alone.
Classification accuracy for the Evenson cut-point was excellent for sedentary behaviour
and fair for light-intensity physical activity and moderate- to vigorous-intensity physical
activity. The Evenson cut-point showed significantly higher accuracy compared to all
others except the Pate cut-point. Pate showed the highest classification accuracy for
moderate- to vigorous-intensity physical activity. Results for each cut-point using the
combined criterion measure are reported in Table 4.5.
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Table 4.4 Sensitivity, specificity, and area under the ROC curve for the classification of sedentary behaviour, light- and moderate- to vigorous-intensity physical activity using
direct observation as criterion measure
SB
LPA
MVPA
Se%
Sp%
ROC-AUC
Se%
Sp%
ROC-AUC
Se%
Sp%
ROC-AUC
(95% CI)
(95% CI)
(95% CI)
(95% CI)
(95% CI)
(95% CI)
(95% CI)
(95% CI)
(95% CI)
van Cauwenberghe11
98.2
31.5
0.65
9.2
93.9
0.52
45.0
92.8
0.69
(97.8-98.5)
(30.7-32.2)
(0.64-0.65)
(8.6-9.7)
(93.5-94.3)
(0.51-0.52)
(43.6-46.4)
(92.5-93.2)
(0.68-0.70)
Evenson8
86.7
72.9
0.80
54.8
74.8
0.65
45.7
92.7
0.69
(85.8-87.5)
(72.1-73.6)
(0.79-0.80)
(53.8-55.7)
(74.0-75.6)
(0.64-0.65)
(44.3-47.1)
(92.3-93.0)
(0.69-0.70)
Pate6
89.2
67.3
0.78
42.8
81.7
0.62
54.2
88.9
0.72
(88.4-89.9)
(66.6-68.0)
(0.78-0.79)
(41.8-43.7)
(81.0-82.4)
(0.62-0.63)
(52.8-55.7)
(88.4-89.3)
(0.71-0.72)
Puyau7
97.3
47.2
0.72
30.9
81.3
0.56
31.5
96.8
0.64
(96.4-98.0)
(45.6-48.8)
(0.71-0.73)
(29.2-32.7)
(79.8-82.7)
(0.55-0.57)
(28.9-34.2)
(96.2-97.3)
(0.63-0.65)
Sirard10
98.3
29.9
0.64
13.6
87.1
0.50
27.1
96.7
0.62
(98.0-98.6)
(29.2-30.6)
(0.64-0.65)
(13.0-14.2)
(86.5-87.7)
(0.50-0.51)
(25.8-28.4)
(96.4-96.9)
(0.61-0.63)
Reilly9
98.2
39.2
0.69
(97.4-98.7)
(37.7-40.8)
(0.67-0.70)
Se, Sensitivity; Sp, Specificity; ROC-AUC, area under the receiver operating characteristic curve; 95% CI, 95% confidence interval; SB, sedentary behaviour; LPA, lightintensity physical activity; MVPA, moderate- to vigorous-intensity physical activity

Table 4.5 Sensitivity, specificity and area under the ROC curve for the classification of sedentary behaviour, light- and moderate- to vigorous-intensity physical activity using
energy expenditure combined with direct observation as the criterion measure

van Cauwenberghe11
Evenson8
Pate6
Puyau7
Sirard10
Reilly9

Se%
(95% CI)
99.9
(99.7-100.0)
90.7
(89.8-91.6)
92.4
(91.6-93.2)
98.6
(97.6-99.2)
99.9
(99.7-99.9)
99.1
(98.3-99.6)

SB
Sp%
(95% CI)
39.9
(38.7-41.1)
89.7
(89.0-90.5)
86.2
(85.4-87.0)
60.7
(58.3-63.1)
39.5
(38.3-40.7)
50.3
(47.8-52.7)

ROC-AUC
(95% CI)
0.70
(0.69-0.71)
0.90
(0.90-0.91)
0.89
(0.89-0.90)
0.80
(0.78-0.81)
0.70
(0.69-0.71)
0.75
(0.73-0.76)

Se%
(95% CI)
13.1
(12.2-14.1)
69.9
(68.6-71.2)
56.2
(54.9-57.6)
44.3
(41.5-47.2)
21.5
(20.3-22.7)

LPA
Sp%
(95% CI)
96.2
(95.6-96.6)
82.2
(81.2-83.2)
86.0
(85.0-86.9)
87.2
(85.4-88.9)
90.3
(89.5-91.1)

ROC-AUC
(95% CI)
0.55
(0.54-0.56)
0.76
(0.75-0.77)
0.71
(0.70-0.72)
0.66
(0.64-0.68)
0.56
(0.55-0.57)

Se%
(95% CI)
59.7
(57.2-62.1)
60.5
(58.1-63.0)
69.6
(67.3-71.8)
44.9
(40.0-50.0)
39.4
(37.0-41.8)

MVPA
Sp%
ROC-AUC
(95% CI)
(95% CI)
91.3
0.75
(90.7-91.8)
(0.75-0.76)
91.0
0.76
(90.4-91.6)
(0.75-0.77)
86.4
0.78
(85.3-86.8)
(0.77-0.79)
95.8
0.70
(94.9-96.6)
(0.69-0.72)
96.2
0.68
(95.8-96.6)
(0.67-0.69)

Se, Sensitivity; Sp, Specificity; ROC-AUC, area under the receiver operating characteristic curve; 95% CI, 95% confidence interval; SB, sedentary behaviour; LPA, lightintensity physical activity; MVPA, moderate- to vigorous-intensity physical activity
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4.4

Discussion

This study compared the validity of ActiGraph equations and cut-points for predicting
energy expenditure and classifying physical activity intensity in young children.
Although Pate performed reasonably well when predicting energy expenditure during
moderate- to vigorous-intensity physical activity, overall it significantly overestimated
energy expenditure. Notably, neither equation - Pate or Puyau - performed equally well
across all intensities at either group or individual levels. These findings are consistent
with a previous study, which reported that the Puyau equation underestimated
individual total energy expenditure in 3 to 6-year-olds (Reilly et al., 2006b). In addition,
a study conducted in 5-15 year-olds reported significant differences in predicted versus
measured energy expenditure during a variety of activities using the Puyau equation
(Trost et al., 2011). Considering the results of this and previous studies, we do not
recommend the use of current ActiGraph equations for predicting EE over the whole
range of physical activity intensities in young children. However, when interested in
energy expenditure during MVPA, the Pate equation could possibly be used.
Nevertheless, further assessment in a broader range of typical non-ambulatory activities
is required for the equations to be used with confidence across a broad range of freeliving physical activity.

The Evenson cut-point showed significantly higher classification accuracy for sedentary
behaviour, and the Pate cut-point showed significantly higher classification accuracy for
moderate- to vigorous-intensity physical activity than all others. When using direct
observation and measured energy expenditure simultaneously as criterion measure,
Evenson did not differ significantly compared to Pate. This is possibly due to the strict
inclusion criteria when using the combined criterion measure which resulted in fewer
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epochs. For moderate- to vigorous-intensity physical activity, the findings were
consistent when using the combined direct observation and measured energy
expenditure as criterion measure.

To our knowledge this is the first study to examine the classification accuracy of
ActiGraph physical activity and sedentary behaviour cut-points in 4- to 6-year-olds.
Trost et al. (2011) evaluated several cut-points in 5- to 15-year-olds and found that the
cut-point of ≤ 25 counts per 15 seconds for sedentary behaviour resulted in excellent
classification accuracy in that age range. Results from the current study are similar and
indicate that using the ≤ 25 counts per 15 seconds (Evenson) provided good
classification accuracy of sedentary behaviour in 4- to 6-year-old children. For
moderate- to vigorous-intensity physical activity classification accuracy was highest for
the Pate cut-point in 4- to 6-year-old children. This finding is consistent with previous
studies. In toddlers, using the Pate moderate- to vigorous-intensity physical activity cutpoint of ≥ 420 counts per 15 seconds resulted in no significant difference in time spent
in moderate- to vigorous-intensity physical activity compared with direct observation
(Trost et al., 2012a). Among 5- to 15-year-olds, a slightly higher cut-point of ≥ 573
counts per 15 seconds resulted in the best classification accuracy for moderate- to
vigorous-intensity physical activity (Trost et al., 2011). The lower moderate- to
vigorous-intensity physical activity cut-point found in studies in younger children is
plausible and might be due to physiological, biomechanical and structural factors, such
as differences in gait parameters and body surface area to body mass ratios, which are
thought to influence the association between accelerometer output and energy
expenditure during childhood (Trost, 2007).
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It is important to note that the results from this study are dependent on methodological
decisions made with regard to defining sedentary behaviour and moderate- to vigorousintensity physical activity. Recently, there has been debate on the concept of sedentary
behaviour versus moderate- to vigorous-intensity physical activity. Sedentary behaviour
has been defined as lying/sitting in some studies (Evenson et al., 2008; Pate et al.,
2006), whereas other studies include lying/sitting and standing (Martin et al., 2011;
Reilly et al., 2003; Van Cauwenberghe et al., 2011). In addition, a consistent definition
of moderate- to vigorous-intensity physical activity is lacking. There has been a debate
on the use of ≥ 3 versus ≥ 4 METs as the threshold for moderate- to vigorous-intensity
physical activity in children (Harrell et al., 2005; Ridley and Olds, 2008), as well as
differences in the use of energy expenditure units (Pate et al., 2006; Puyau et al., 2002)
and direct observation systems (Hislop et al., 2012b; Van Cauwenberghe et al., 2011).
These methodological differences might explain why some studies reported higher
sedentary behaviour and moderate- to vigorous-intensity physical activity cut-points
were more accurate compared to lower cut-points (Hislop et al., 2012b; Martin et al.,
2011). To overcome this limitation in methodological studies it is important to reach
agreement on the definitions of sedentary behaviour and moderate- to vigorous-intensity
physical activity in young children.

This study has several limitations. Due to the calorimeter sampling frequency and the
time lag that exists when measuring energy expenditure in large volumes, it was not
possible to measure energy expenditure in time blocks shorter than 10 minutes
(Schoffelen et al., 1997). The room calorimeter is a confined space and the children
followed a standardized activity protocol, limiting the ability to represent children‘s
free-living intermittent physical activity patterns. However, due to the small size and
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stature of the children, the limited space may have had less influence on their activity
behaviour than might be the case in older children or adults. In addition, as it was not
feasible to ask preschool-aged children to fast overnight before completing a 2.5-hour
activity protocol no measures of basal metabolic rate were available. Therefore, the
Schofield equation (Schofield, 1985) was used as a proxy measure of predicted basal
metabolic rate which might have influenced the results. However, the Schofield
equation has been shown to be valid for estimating basal metabolic rate in preschoolers
(Firouzbakhsh et al., 1993) and has been used for the same purpose in activity monitor
validation studies in older children (Reilly et al., 2006b; Trost, Way and Okely, 2006;
Trost et al., 2011) The proportion of data classified as valid when using energy
expenditure combined with direct observation as criterion measure was low, especially
for moderate- to vigorous-intensity physical activity. This was due to the strict
screening protocol used to reduce potential misclassification error from including, for
example, data points in the moderate- to vigorous-intensity physical activity category
that may have been light-intensity physical activity (e.g. transitions between activities).
However, our findings were essentially consistent with those from analyses where direct
observation was used as the only criterion measure and very little data were excluded,
supporting the overall conclusion.

This study had several strengths. The sample of 4- to 6-year-old children was relatively
large and evenly distributed by sex, and approximately representative with regard to
weight status. Additionally, this accelerometer validation study is one of very few in
young children that have used energy expenditure as criterion measure (Pate et al.,
2006; Puyau et al., 2002; Reilly et al., 2006b). As energy expenditure was measured
using a room calorimeter, children‘s movements were not limited by wearing a
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facemask and the weight of a portable device. Wearing a facemask may not be tolerated
by all young children, potentially impacting on how a given activity is performed.
Conducting physical activity intensity classification analyses using only direct
observation as criterion measure as well as energy expenditure in combination with
direct observation reduces the impact of the potential limitations associated with each of
the methods. Last, the activity protocol used in this study complied with current best
practice recommendations for activity monitor validation studies (Bassett, Rowlands
and Trost, 2012) as the protocol included a variety of child specific and
developmentally appropriate ambulatory and non-ambulatory activities, ranging in
intensity from sedentary behaviour to moderate- to vigorous-intensity physical activity.

In summary, when measuring energy expenditure during MVPA, researchers may
consider using the Pate equation. However, neither the Pate or Puyau equations,
accurately predicted EE across all intensities, and therefore we do not recommend using
these to predict EE in 4- to 6-year-old children over a broad range of intensities. When
assessing the prediction of physical activity intensity, Evenson resulted in good
classification accuracy for sedentary behaviour, whereas the highest classification
accuracy for moderate- to vigorous-intensity physical activity was achieved when using
Pate. When classifying sedentary behaviour, light- and moderate- to vigorous-intensity
physical activity in 4- to 6-year-old children, we recommend using ≤ 25 counts per 15
seconds, between 25-419 counts per 15 seconds, and ≥ 420 counts per 15 seconds,
respectively.
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5.1

Introduction

Reports on the prevalence of physical activity and sedentary behaviour in young
children using objective measures have been inconsistent (Cardon and De
Bourdeaudhuij, 2008; Hinkley et al., 2012; Vale et al., 2010a; Van Cauwenberghe et al.,
2012a). This might be due, in part, to variability in the methods used to measure
physical activity and sedentary behaviour (Beets et al., 2011; Oliver, Schofield and
Kolt, 2007). Accelerometry is the method of choice for assessing physical activity and
sedentary behaviour objectively in free-living conditions among young children (Trost,
2007) and the Actical accelerometer is one of the most commonly used accelerometers
in such studies (Carter et al., 2011; Colley et al., 2011; Dolinsky et al., 2011). However,
one issue faced by Actical users is that scarce evidence is available to assist in deciding
how to calculate activity energy expenditure or define physical activity intensity from
the multiple available equations or cut-point definitions (Adolph et al., 2012; Evenson
et al., 2008; Pate et al., 2006; Pfeiffer et al., 2006; Puyau et al., 2004).

At present accelerometer output – counts per time unit – is used to define time spent in
different physical activity intensities or to estimate activity energy expenditure. Several
studies have developed activity energy expenditure equations and cut-points specific to
the Actical accelerometer, based on accelerometer counts, to estimate activity energy
expenditure or classify physical activity intensity (Adolph et al., 2012; Evenson et al.,
2008; Heil, 2006; Pfeiffer et al., 2006; Puyau et al., 2004). However, key
methodological differences exist in the studies from which those equations and cutpoints were developed (Table 5.1). For instance, one study included only sitting,
walking and running (Pfeiffer et al., 2006) whereas others have included free-living
activities which may be more representative of children‘s behaviours (e.g. playing with
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toys, arts and crafts, stair walking) (Adolph et al., 2012; Evenson et al., 2008; Heil,
2006; Puyau et al., 2004). These variations during calibration of the Actical may explain
why different equations and cut-points for estimating activity energy expenditure and
classifying physical activity intensity have emerged (Adolph et al., 2012; Evenson et al.,
2008; Heil, 2006; Pfeiffer et al., 2006; Puyau et al., 2004).

The use of different equations or cut-points may subsequently result in differences in
children‘s predicted activity energy expenditure or estimated time in sedentary
behaviour and physical activity intensities, making it hard to compare findings between
studies (Cliff and Okely, 2007; Reilly et al., 2008; Van Cauwenberghe et al., 2011).
These inconsistencies limit the ability of policy makers, public health officials and the
general public to determine young children‘s compliance with physical activity
guidelines (Beets et al., 2011). Activity energy expenditure equations and cut-points
developed for the Actical monitor need to be cross-validated against appropriate
criterion measures to overcome this methodological limitation. However, no such
studies demonstrating the most accurate Actical equations and cut-points among 4- to 6year-old children are evident in the extant literature. Therefore, the aims of this study
were to: 1) examine the predictive validity of Actical activity energy expenditure
equations; and 2) compare the classification accuracy of existing Actical cut-points for
classifying physical activity and sedentary behaviour intensity, in 4- to 6-year-old
children using activity energy expenditure measured by room calorimetry and physical
activity intensity classified by direct observation as criterion measures.
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Table 5.1 Actical cut-points and equations for children
Author
Sample
Criterion measure

Activities

Adolph et al. (2012)* n = 64 (27 girls, 37 boys)
Age= 3-5 years
Mean age = 4.5 years
Evenson et al. (2008) n = 33 (21 girls, 12 boys)
Age = 5-8 years
Mean age = 7.3 years
Pfeiffer et al. (2006) n = 18 (11 girls, 7 boys)
Age = 3-5 years
Mean age = 4.4 years

Room calorimetry

Sitting, drawing, playing with toys, ball
play, dance, jogging.

Portable metabolic system

Sit, watch TV, colouring in, slow walk,
stair climbing, dribble basketball, brisk
walk, bicycling, jumping jacks, running.
Sitting, walking, running.

Puyau et al. (2004)*

n = 32 (18 girls, 14 boys)
Age = 7-18 years
Mean age = 12.3 years (boys),
13.3 years (girls)

Room calorimetry

Heil (2006)*

n = 24 (10 girls, 14 boys)
Portable metabolic system
Age = 8-17 years
Mean age =12 years (boys), 13
years (girls)

Portable metabolic system

Equation/Cut point
counts15s-1 counts60s-1
SB
≤6
≤ 25
LPA
>6
> 25
MVPA
≥ 287
≥ 1150
SB
≤ 11
≤ 44
LPA
> 11
> 44
MVPA
≥ 508
≥ 2032
VO2= 9.73 + (0.01437) x counts/15s
SB
NA
NA
LPA
< 715
< 2860
MVPA
≥ 715
≥ 2860

Sitting, playing/working on a computer, AEE = 0.00423 + 0.00031 x counts/min0.653
aerobic exercises, throwing balls,
SB
< 25
< 100
walking, running.
LPA
≥ 25
≥ 100
MVPA
≥ 375
≥ 1500
Resting, lying down, sitting, video
Single regression
game playing, cleaning, walking and
AEE = 0.03411 + (1.270-5) x counts/min
jogging.
(when counts/min ≥ 300)
2 regressions
AEE = 0.01667 + (5.103-5) x counts/min (when
counts/min ≥ 300 and < 1650)
AEE = 0.03534 + (1.135-5) x counts/min
(when counts/min ≥ 1650)
SB
< 75
< 300
LPA
≥ 75
≥ 300
MVPA
≥ 412
≥ 1650

*developed as 60 second epochs; SB; sedentary behaviour ; LPA, light-intensity physical activity; MVPA, moderate- to vigorous-intensity physical activity; AEE, activity
energy expenditure
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5.2

Methods

Study participants
Participants were recruited from childcare centres (preschools, long-day and family-day
care) in the Illawarra region of New South Wales, Australia (Appendix C). Children
with a disease known to influence their energy balance, physical disabilities and/or
claustrophobia were excluded from this study. Participants were recruited as part of
larger study examining the validity of several activity monitors. The study was
approved by the University of Wollongong/ South Eastern Sydney and Illawarra Area
Health Service Human Research Ethics Committee (Appendix B). Parents provided
informed written consent, and children provided their verbal assent to participate in the
study (Appendix F).

Protocol
Participants visited the laboratory twice. During the first visit, participants and their
parents were familiarized with the room calorimeter and the activity protocol (Appendix
D and Appendix E). Visit two occurred within a week after the first visit. Parents were
asked to give their child a light standardized breakfast 1.5 hour before entering the room
calorimeter. During the second visit participants followed a 150-minute activity
protocol within the room calorimeter. The protocol involved child-appropriate sedentary
behaviours, light-intensity physical activities and moderate- to vigorous-intensity
physical activities. All children were guided through the protocol by a research assistant
and performed each activity, for a pre-determined duration, in identical order (Table
3.1). The protocol followed current best practice recommendations for validation studies
in that it included a variety of activities that are developmentally appropriate for the age
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group and that range from sedentary behaviour to moderate- to vigorous-intensity
physical activity (Bassett, Rowlands and Trost, 2012).
Room Calorimeter
Oxygen consumption (VO2) and carbon dioxide production (VCO2) were measured
continuously (paramagnetic O2 and infrared CO2 analysers, Sable System Inc., Las
Vegas USA) and corrected to standard temperature, pressure and humidity in a room
calorimeter (3 m x 2.1 m x 2.1 m). Technical procedures are described in more detail
elsewhere (Janssen et al., 2013). Chamber air was sampled every two minutes and rates
of O2 consumption and CO2 production were then averaged over 10-minute blocks to
produce stable measures of energy expenditure (Schoffelen et al., 1997).

Direct observation of physical activity intensity
Each child was videotaped during the protocol and activity start and end times, breaks
and transitions were recorded. Physical activity intensity was classified using the
Children‘s Activity Rating Scale (CARS) (Puhl et al., 1990). CARS is based on a 1 to 5
coding scheme and is a reliable and valid tool to assess physical activity levels in young
children (DuRant et al., 1993). It has been used in several accelerometer validation
studies in young children (De Bock et al., 2010; Van Cauwenberghe et al., 2011). Video
footage was coded with the help of Vitessa 0.1 (Version 0.1, University of Leuven,
Belgium) which generated a time stamp every time a change in intensity was coded by
the observer (Van Puyenbroeck, Maes and Laeremans, 2005). Data were coded by one
observer who undertook two days of specific CARS training. During training, data from
pilot trials were used. After coding, a weighted average CARS score was calculated
over 15-second or 60-second epochs corresponding to the Actical measurement epochs.
Averaged epochs were then classified into intensity categories using the CARS criteria:
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sedentary behaviour < level 2.0; light-intensity physical activity ≥ level 2.0 and ≤ 3.0;
MVPA > level 3.0 (Puhl et al., 1990).
Accelerometry
Before entering the room calorimeter children were fitted with an Actical (Philips
Respironics, Bend, OR) accelerometer. The Actical was worn on the right mid-axillary
line of the hip and secured with an elastic belt. Accelerometers were initialized to
collect data in 15-second epochs.

Data reduction
The room calorimeter, Actical and camcorder were time synchronized on the morning
of every measurement day. Energy expenditure for every 10-minute block was
calculated using the Weir equation (Weir, 1949). Individualized multiples of resting
energy expenditure (METs) were calculated by dividing measured energy expenditure
for each child by their individually estimated basal metabolic rate using the Schofield
equation for children aged 4- to 10-years (Schofield, 1985). The 10-minute blocks of
energy expenditure were classified, based on their equivalent MET values, into physical
activity intensities as follows; sedentary behaviour ≤ 1.5 times predicted basal metabolic
rate, light-intensity physical activity > 1.5 to < 3.0 times predicted basal metabolic rate
and moderate- to vigorous-intensity physical activity ≥ 3.0 times predicted basal
metabolic rate. Activity energy expenditure was determined by deducting basal
metabolic rate, calculated using the Schofield equation, from measured energy
expenditure. Actical output and direct observation data were used as 15-second epochs
or converted to 60-second epochs depending on the equation/cut-point as determined
from the original study.
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Prediction of activity energy expenditure
Actical counts were converted to VO2 and activity energy expenditure using the Pfeiffer,
Puyau or Heil equations according to the specified units in each equation (Heil, 2006;
Pfeiffer et al., 2006; Puyau et al., 2004) and averaged over 10-minute blocks. VO2
values are converted to activity energy expenditure to facilitate comparison. To our
knowledge, the equations developed in preschool-aged children were limited to the
Pfeiffer equation. In addition, Heil (2006) developed two methods to predict activity
energy expenditure, using 1 (Heil-1) or 2 (Heil-2) regression equations. To increase
comparison and examine what might be a more accurate method of predicting activity
energy expenditure, this study included Puyau, Heil-1 and Heil-2 equations. The
Adolph and Evenson cut-points do not have an associated activity energy expenditure
equation and therefore these were not included in assessing the validity of activity
energy expenditure predictions (Adolph et al., 2012; Evenson et al., 2008). Participants‘
activity energy expenditure data were averaged per intensity and over the duration of
the protocol. Predicted activity energy expenditure values were then compared to
measured activity energy expenditure values by the room calorimeter.

Prediction of physical activity intensity and sedentary behaviour
Actical data were classified as sedentary behaviour, light- and moderate- to vigorousintensity physical activity using the Pfeiffer, Puyau, Heil, Adolph and Evenson Actical
cut-points. Pfeiffer et al. (2006) only developed moderate- to vigorous-intensity
physical activity cut-point and therefore no sedentary behaviour/light-intensity physical
activity cut-point was available. CARS and Actical data were used as 15-second epochs
or 60-second epochs. Several studies indicate that epochs shorter than 60 seconds
should be used in young children to avoid underestimating their moderate- to vigorous-
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intensity physical activity, due to their sporadic and intermittent physical activity
behaviour (McClain et al., 2008; Reilly et al., 2008). As such, in case of a cut-point
being developed as 60-second epoch, the cut-point was reanalysed as 15-second epoch
by dividing the original cut-point by 4.

Direct observation systems such as CARS rely on subjective classification and use
general category descriptions to assign levels to activities based on the apparent
intensity of the activity. However, a large variability in energy expenditure has been
shown in young children during these activities (Pate et al., 2006; Trost et al., 2011).
Therefore, in this study we developed a new criterion measure, combining CARS with
measured activity energy expenditure from the room calorimeter, to classify the
intensity of criterion epochs. Ten minute average energy expenditure values were
divided by predicted basal metabolic rate to define intensity levels. Each of the forty 15second epochs or ten 60-second epochs within the 10-minute period immediately prior
to the measured average energy expenditure value were classified as sedentary
behaviour, light-, and moderate- to vigorous-intensity physical activity according to the
calculated MET value. Direct observation data were averaged over the same 15 or 60
second periods‘ cut-point to define intensity levels for each epoch. Thereafter, criterion
epochs were excluded if physical activity intensity defined using energy expenditure
measured by the room calorimeter did not agree with the intensity levels derived via
direct observation for each epoch. In addition, to ensure that the time lag in the
calorimeter readings of expired air would not lead to mismatching criterion data with
accelerometer data, epochs within the last minute of a 10-minute energy expenditure
data block were excluded. Likewise, criterion epochs that occurred during transitions
between activities were excluded as the aim was to examine classification accuracy
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using specific activities appropriate for young children. Actical data were classified as
sedentary behaviour, light-, or moderate- to vigorous-intensity physical activity as
previously described. Classified Actical data were then compared with room calorimeter
and direct observation data.

Statistical analysis
To examine the predictive validity of the Actical equations, differences between
measured activity energy expenditure and predicted activity energy expenditure were
compared using dependent t-tests with a Bonferroni adjustment for multiple
comparisons (P < 0.0125). In addition, root means square errors (RMSE) were
calculated. To evaluate classification accuracy of the different Actical cut-points,
weighted kappa statistics (κ), sensitivity, specificity, and area under the receiver
operating characteristic curve (ROC-AUC) were calculated. ROC-AUC values were
defined as excellent (0.9-1.0), good (0.8-0.9), fair (0.7-0.8), or poor (<0.7) (Metz,
1978), whereas κ was defined as having slight (0-0.20), fair (0.21-0.40), moderate
(0.41-0.60), substantial (0.61-0.80), and almost perfect (0.81-1.00) agreement (Landis
and Koch, 1977). All statistical analyses were performed using STATA Version 12
(StataCorp, College Station, Texas, USA).

5.3

Results

A sample of 40 children completed both visits; two had missing data due to calorimeter
malfunction. For the remaining 38 children, 33 (86.8%), 36 (94.7%), and 34 (89.5%)
each had at least one 10-minute block of sedentary behaviour, light-, and moderate- to
vigorous-intensity physical activity, respectively, according to measured energy
expenditure values. For sedentary behaviour, light-, and moderate- to vigorous-intensity
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physical activity measured-average (range) MET values were 1.1 (1-1.5), 1.9 (1.5-2.5),
and 3.7 (3.0-5.5), respectively. Descriptive characteristics are presented in Table 5.2.
Table 5.2 Participant characteristics

Total sample

Boys

Girls

(n=40)

(n=22)

(n=18)

Age (years)

5.3 ± 1.0

5.2 ± 1.0

5.3 ± 1.1

Height (cm)

112.7 ± 8.1

114.3 ± 6.2 110.9 ± 9.7

Weight (kg)

20.6 ± 3.7

21.5 ± 2.4

19.4 ± 4.6

2

BMI (kg/m )

16.1 ± 1.5

16.5 ± 1.3

15.5 ± 1.6

% overweight*

25.0

27.2

22.2

Values are mean ± standard deviation; *defined according to Cole et al.(2000)

Prediction of activity energy expenditure
Observed and predicted activity energy expenditure values for the Pfeiffer, Puyau, Heil1 and Heil-2 equations are shown in Figure 5.1 and Table 5.3. The Pfeiffer equation
significantly overestimated activity energy expenditure during sedentary behaviour and
significantly underestimated activity energy expenditure during light-intensity physical
activity (P < 0.0125 for all). However, Pfeiffer did not show a significant difference
between measured and predicted activity energy expenditure during moderate- to
vigorous-intensity physical activity or total activity energy expenditure (P = 0.76 and
0.80, respectively). The Puyau equation did not show a significant difference between
measured and predicted activity energy expenditure for sedentary behaviour and
moderate- to vigorous-intensity physical activity (P = 0.30 and 0.02, respectively).
However, Puyau significantly underestimated activity energy expenditure for lightintensity physical activity and total activity energy expenditure (P < 0.0125). The Heil-1
equation significantly overestimated activity energy expenditure during sedentary
behaviour and underestimated activity energy expenditure during light-intensity
physical activity (P < 0.0125 for all). However, no significant difference was found
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between measured and predicted activity energy expenditure during moderate- to
vigorous-intensity physical activity and total activity energy expenditure (P = 0.70 and
0.96, respectively). The Heil-2 equation significantly overestimated activity energy
expenditure during sedentary behaviour (P < 0.0125). However, no significant
difference was found between measured and predicted activity energy expenditure
during light-, moderate- to vigorous-intensity physical activity and total activity energy
expenditure (P = 0.05, 0.91 and 0.37, respectively).

Figure 5.1 Measured versus predicted activity energy expenditure values for the Pfeiffer, Puyau, Heil-1
and Heil-2 equations. * Statistically significant difference with activity energy expenditure measured by
room calorimetry (P < 0.0125).
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Table 5.3 Activity energy expenditure for the calorimeter and Actical equations
SB

LPA

MVPA

Total

Room calorimetry

Mean
SD

0.0046
0.0074

0.0295
0.0079

0.0814
0.0237

0.0267
0.0159

Puyau

Mean
SD
RMSE

0.006
0.0022
0.0066

0.0172*
0.0102
0.0134

0.0645
0.0149
0.015

0.0189*
0.0124
0.0099

Heil-1

Mean
SD

0.0121*
0.002

0.0245*
0.0125

0.0787
0.0166

0.0266
0.0145

RMSE

0.0094

0.0094

0.0124

0.0068

Mean
SD

0.0121*
0.002

0.0262
0.0137

0.0822
0.0118

0.0279
0.0155

RMSE

0.0094

0.0095

0.0122

0.0077

Mean
SD
RMSE

0.0170*
0.0037
0.014

0.0228*
0.011
0.0104

0.0796
0.027
0.0164

0.0273
0.0157
0.0085

Heil-2

Pfeiffer

* significant difference with activity energy expenditure measured by room calorimetry (P < 0.0125); SD,
standard deviation; RMSE, root mean square error; SB, sedentary behaviour; LPA, light-intensity
physical activity; MVPA, moderate- to vigorous-intensity physical activity.

Prediction of physical activity intensity and sedentary behaviour using direct
observation
When using direct observation as the criterion method, 84.8% (18953 epochs) of the
available data were included in the analyses. For sedentary behaviour this was 96.3%
(6881 epochs), for light-intensity physical activity this was 96.4% (7325 epochs) and
for moderate- to vigorous-intensity physical activity this was 62.5% (4747 epochs).

Overall, Adolph (κ = 0.64, 95% CI = 0.64-0.65) exhibited substantial agreement.
Adolph15s (κ = 0.58, 95% CI = 0.57-0.58), Puyau (κ = 0.57, 95% CI = 0.55-0.58),
Puyau15s (κ = 0.52, 95% CI = 0.52-0.52), Evenson (κ = 0.52, 95% CI = 0.52-0.53), Heil
(κ = 0.46, 95% CI = 0.46-0.48), and Heil15s (κ = 0.43, 95% CI = 0.43-0.44) all exhibited
moderate agreement. For each cut-point, sensitivity, specificity and ROC-AUC were
analysed for sedentary behaviour, light-, and moderate- to vigorous-intensity physical
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activity. Results are reported in Table 5.4. For sedentary behaviour, classification
accuracy was significantly higher for Adolph compared to all others (P < 0.05).
Classification accuracy was good for Adolph and Puyau cut-point (ROC-AUC= 0.82
and 0.80, respectively), whereas Evenson and Heil exhibited fair classification accuracy
(ROC-AUC= 0.79 and 0.73, respectively). When comparing only 15 second epochs the
Adolph cut-point (from here on in referred to as Adolph15s) showed good classification
accuracy (ROC-AUC = 0.80), performing significantly better than all others except
Evenson (P < 0.05). In addition, inverse results were found for total physical activity
(i.e light-, moderate- and vigorous-intensity physical activity).

For light-intensity physical activity, the Adolph cut-point exhibited fair classification
accuracy (ROC-AUC = 0.73), whereas all others showed poor classification accuracy
(ROC-AUC= 0.56 - 0.66). All cut-points had good specificity (79.0% - 86.8%).
However, Adolph showed a significantly higher sensitivity (66.2%), which resulted in
significantly higher classification accuracy compared to all others (P < 0.05). The
results of Adolph15s show a decrease in classification accuracy. However, the Adolph15s
performs significantly better than other 15-second epochs cut-points.

For moderate- to vigorous-intensity physical activity, the Adolph, Puyau and Heil cutpoints exhibited good classification accuracy (ROC-AUC = 0.80 - 0.85), whereas
Evenson and Pfeiffer cut-points exhibited fair classification accuracy (ROC-AUC =
0.75 and 0.70, respectively). However, classification accuracy was significantly higher
for Adolph compared to all others (P < 0.05). When comparing only 15 second epoch
cut-points only the Adolph15s exhibited good classification accuracy (ROC-AUC =
0.82) and performed significantly better than all others (P < 0.05).
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Prediction of physical activity intensity and sedentary behaviour using direct
observation and energy expenditure
When using direct observation in conjunction with measured energy expenditure by the
calorimeter as the criterion measure, 58.4% (13052 epochs) of the available data were
included in the analyses. For sedentary behaviour 70.5% (5036 epochs) was included,
for light-intensity physical activity this was 81.8% (6214 epochs), and for moderate- to
vigorous-intensity physical activity this was 23.7% (1802 epochs). Overall κ values
were slightly increased compared to using direct observation only. Adolph (κ=0.72,
95% CI = 0.70 - 0.74), Adolph15s (κ = 0.65, 95% CI = 0.64 - 0.65), Puyau (κ = 0.67,
95% CI= 0.66-0.67), and Evenson (κ = 0.61, 95% C I= 0.60 - 0.62) exhibited substantial
agreement. Puyau15s (κ = 0.59, 95% CI = 0.59 - 0.60), Heil (κ = 0.53, 95% CI = 0.51 0.54), and Heil15s (κ = 0.48, 95% CI= 0.47 - 0.49) all exhibited moderate agreement.
ROC-AUC values when using direct observation combined with energy expenditure
were slightly higher but nevertheless similar to using direct observation only (Table
5.5). Adolph was significantly better than all others (P < 0.05) when classifying lightand moderate- to vigorous-intensity physical activity. For sedentary behaviour,
classification accuracy was good for the Adolph, Evenson and Puyau cut-points (ROCAUC = 0.82 - 0.85) with Adolph performing significantly better than Evenson.
However, when comparing Evenson and Adolph15s this difference disappeared.
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Table 5.4 Sensitivity, Specificity and area under the ROC curve for the classification of sedentary behaviour, light- and moderate- to vigorous-intensity physical activity using
direct observation as criterion measure
SB
Se%
(95% CI)

Sp%
(95% CI)

LPA
ROC-AUC
(95% CI)

Se%
(95% CI)

Sp%
(95% CI)

MVPA
ROC-AUC
(95% CI)

Se%
(95% CI)

Sp%
(95% CI)

LMVPA
ROC-AUC
(95% CI)

Se%
(95% CI)

Sp%
(95% CI)

ROC-AUC
(95% CI)

Adolph60s

82.5
81.1
0.82
66.2
80.2
0.73
74.3
95.3
0.85
81.1
(80.6-84.3) (79.8-82.2) (0.81-0.83) (64.4-68.0) (78.6-81.6) (0.72-0.74) (71.6-76.8) (94.6-95.9) (0.83-0.86) (79.8-82.2)

82.5
(80.6-84.3)

0.82
(0.81-0.83)

Adolph15s

89.1
71.4
0.80
51.9
84.3
0.68
71.0
93.6
0.82
71.4
(88.3-89.8) (70.7-72.1) (0.80-0.81) (50.9-52.8) (83.6-85.0) (0.68-0.69) (69.7-72.3) (93.2-93.9) (0.82-0.83) (70.7-72.1)

89.1
(88.3-89.8)

0.80
(0.80-0.81)

Evenson15s

91.0
68.0
0.79
51.0
79.1
0.65
54.9
96.0
0.75
68.0
(90.2-91.6) (67.3-68.7) (0.79-0.80) (50.1-51.9) (78.3-79.8) (0.64-0.66) (53.5-56.4) (95.7-96.3) (0.75-0.76) (67.3-68.7)

91.0
(90.2-91.6)

0.79
(0.79-0.80)

Puyau60s

92.4
66.9
0.80
48.9
83.3
0.66
66.1
96.7
0.81
66.9
(91.0-93.6) (65.4-68.4) (0.79-0.81) (47.0-50.8) (81.9-84.7) (0.65-0.67) (63.3-68.8) (96.1-97.2) (0.80-0.83) (65.4-68.4)

92.4
(91.0-93.6)

0.80
(0.79-0.81)

Puyau15s

92.5
63.4
0.78
50.1
56.7
0.53
63.4
95.1
0.79
63.4
(91.8-93.1) (62.6-64.1) (0.77-0.78) (49.2-51.0) (55.8-57.6) (0.53-0.54) (62.0-64.8) (94.7-95.4) (0.79-0.80) (62.6-64.1)

92.5
(91.8-93.1)

0.78
(0.77-0.78)

Heil60s

97.6
49.3
0.73
25.7
86.8
0.56
62.9
96.9
0.80
49.3
(96.7-98.3) (47.7-50.9) (0.73-0.74) (24.0-27.4) (85.5-88.0) (0.55-0.57) (60.0-65.7) (96.3-97.4) (0.78-0.81) (47.7-50.9)

97.6
(96.7-98.3)

0.73
(0.73-0.74)

Heil15s

95.9
48.4
0.72
24.4
86.9
0.56
61.6
95.4
0.78
48.4
(95.4-96.4) (47.6-49.1) (0.72-0.73) (23.6-25.2) (86.3-87.5) (0.55-0.56) (60.2-63.0) (95.0-95.6) (0.78-0.79) (47.6-49.1)

95.9
(95.4-96.4)

0.72
(0.72-0.73)

Pfeiffer15s*
15s:

43.96
96.5
0.70
(42.5-45.4) (96.2-96.8) (0.70-0.71)

15 second epoch; 60s: 60 second epoch; * did not develop a SB or LPA cut-point; Se, Sensitivity; Sp, Specificity; ROC-AUC, area under the receiver operating

characteristic curve; SB, sedentary behaviour, LPA, light-intensity physical activity; MVPA, moderate- to vigorous-intensity physical activity; LMVPA, light- to moderate- to
vigorous-intensity physical activity; CI, confidence interval.

Table 5.5 Sensitivity, Specificity and area under the ROC curve for the classification of sedentary behaviour, light- and moderate- to vigorous-intensity physical activity using
energy expenditure combined with direct observation as the criterion measure
SB
Se%
(95% CI)

Sp%
(95% CI)

LPA
ROC-AUC
(95% CI)

Se%
(95% CI)

Sp%
(95% CI)

MVPA
ROC-AUC
(95% CI)

Se%
(95% CI)

Sp%
(95% CI)

LMVPA
ROC-AUC
(95% CI)

Se%
(95% CI)

Sp%
(95% CI)

ROC-AUC
(95% CI)

Adolph60s

87.5
83.4
0.85
72.0
87.1
0.80
85.4
96.2
0.91
83.4
(85.5-89.3) (81.6-85.0) (0.84-0.87) (69.6-74.2) (85.4-88.7) (0.78-0.81) (81.5-88.5) (95.4-96.9) (0.89-0.93) (81.6-85.0)

87.5
(85.5-89.3)

0.85
(0.84-0.87)

Adolph15s

91.6
74.9
0.83
58.3
90.7
0.75
79.9
93.6
0.87
74.9
(90.8-92.3) (73.9-75.8) (0.83-0.84) (57.1-59.6) (89.9-91.3) (0.74-0.75) (77.9-81.7) (93.1-94.0) (0.86-0.88) (73.9-75.8)

91.6
(90.8-92.3)

0.83
(0.83-0.84)

Evenson15s

93.0
71.6
0.82
58.6
87.7
0.73
64.7
96.0
0.80
71.6
(92.2-93.6) (70.6-72.6) (0.82-0.83) (57.4-59.8) (86.9-88.4) (0.72-0.74) (62.4-66.9) (95.7-96.4) (0.79-0.81) (70.6-72.6)

93.0
(92.2-93.6)

0.82
(0.82-0.83)

Puyau60s

96.2
70.5
0.83
58.3
91.9
0.75
77.9
97.7
0.88
70.5
(94.9-97.2) (68.4-72.5) (0.82-0.84) (55.7-60.8) (90.5-93.2) (0.74-0.77) (73.6-81.8) (97.0-98.2) (0.86-0.90) (68.4-72.5)

96.2
(94.9-97.2)

0.83
(0.82-0.84)

Puyau15s

94.0
66.5
0.80
57.5
69.8
0.64
71.9
95.2
0.84
66.5
(93.3-96.7) (65.5-67.6) (0.80-0.81) (56.2-58.7) (68.7-70.9) (0.63-0.64) (69.8-74.0) (94.8-95.6) (0.82-0.85) (65.5-67.6)

94.0
(93.3-96.7)

0.80
(0.80-0.81)

Heil60s

99.3
49.6
0.74
32.4
93.9
0.63
74.6
97.9
0.86
49.6
(98.6-99.6) (47.3-51.8) (0.73-0.76) (30.1-34.9) (92.6-95.0) (0.62-0.64) (70.1-78.6) (97.3-98.4) (0.84-0.88) (47.3-51.8)

99.3
(98.6-99.6)

0.74
(0.73-0.76)

Heil15s

96.4
49.5
0.73
30.1
92.8
0.61
70.4
95.4
0.83
49.5
(95.8-96.9) (48.4-50.6) (0.72-0.74) (29.0-31.3) (92.1-93.3) (0.61-0.62) (68.2-72.5) (95.0-95.8) (0.82-0.84) (48.4-50.6)

96.4
(95.8-96.9)

0.73
(0.72-0.74)

Pfeiffer15s*
15s:

53.2
96.5
0.75
(50.8-55.5) (96.1-96.8) (0.74-0.76)

15 second epoch; 60s: 60 second epoch; * did not develop a SB or LPA cut-point; Se, Sensitivity; Sp, Specificity; ROC-AUC, area under the receiver operating

characteristic curve; SB, sedentary behaviour, LPA, light-intensity physical activity; MVPA, moderate- to vigorous-intensity physical activity; LMVPA, light- to moderate- to
vigorous-intensity physical activity; CI, confidence interval.

Evaluation of Actical equations for predicting physical activity intensity
5.4

Discussion

This is the first study to report on the predictive validity of Actical activity energy
expenditure equations and cut-points in 4- to 6-year-olds. Using the Puyau equation
resulted in a significant overestimation of activity energy expenditure for light- and
moderate- to vigorous-intensity physical activity, and consequently a significant
overestimation of total activity energy expenditure. The Pfeiffer equation significantly
overestimated activity energy expenditure during sedentary behaviour and
underestimated light-intensity physical activity, but demonstrated greater accuracy for
predicting activity energy expenditure during moderate- to vigorous-intensity physical
activity and total activity energy expenditure. The Heil-1 and Heil-2 equations
significantly overestimated activity energy expenditure during sedentary behaviour.
However predicted activity energy expenditure during moderate- to vigorous-intensity
physical activity and total activity energy expenditure were not significantly different to
measured activity energy expenditure. Using Heil-2 led to an improvement in predicting
light-intensity physical activity compared to Heil-1. None of the equations performed
consistently well across all intensities in this age group.

Only the Pfeiffer equation has been previously cross-validated in preschool-aged
children (Pfeiffer et al., 2006). Results in the current study are similar to those originally
reported, showing an underestimation of activity energy expenditure during moderateto vigorous-intensity physical activity. In addition, the current study found significant
differences between predicted and measured activity energy expenditure during
sedentary behaviour and light-intensity physical activity for Pfeiffer. This is not
surprising, as the equation and associated cut-points were developed to estimate and
classify moderate- to vigorous-intensity physical activity (Pfeiffer et al., 2006).
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To our knowledge, no study has previously examined the predictive validity of the
Puyau, Heil-1 and Heil-2 Actical activity energy expenditure equations in 4- to 6-yearold children. A study done in 8- to 11-year-old children reported an underestimation of
total activity energy expenditure using the Puyau equation, which is consistent with
results in this study (Alhassan et al., 2012). However, their study also showed an
underestimation of total predicted activity energy expenditure when using the Heil-1 or
Heil-2 equations (Alhassan et al., 2012) which is not consistent with the results from the
current study. Differences between the current study and the Alhassan study are not
surprising as the Alhassan study included older children and differences were noted in
the activity protocols between studies. The inclusion of sedentary behaviour in the
current study and bicycling in Alhassan et al.‘s (Alhassan et al., 2012) study, may
account for the apparently inconsistent findings. By including sedentary behaviour in
the current study, a clear limitation of the Heil equations was highlighted. The Heil-1
and Heil-2 equations use a standard activity energy expenditure value for sedentary
behaviour; when the accelerometer counts are below the sedentary behaviour/lightintensity physical activity cut-point of 300 counts per minute, activity energy
expenditure for Heil-1 and Heil-2 is defined as 0.0113 kcal per kg per min (Heil, 2006).
This method results in an overestimation of activity energy expenditure during
sedentary behaviour by Heil-1 and Heil-2, which in the current study appear to have
compensated for the underestimation of activity energy expenditure during light- and
moderate- to vigorous-intensity physical activity resulting in an accurate overall
prediction of activity energy expenditure. These results suggest that the amount of time
spent in sedentary behaviour appears to influence the accuracy of predicted total activity
energy expenditure using the Heil-1 and Heil-2 equations. The impact of such findings
on field-based studies is unclear. In this study one third of the total time was spent in
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sedentary behaviour. However, recent studies have reported that free-living children
spend between 50% and 80% of their waking day sedentary (Martin et al., 2011; Vale et
al., 2010a; Van Cauwenberghe et al., 2012b). Therefore, the time spent in sedentary
behaviour might have an even greater impact on total activity energy expenditure than
was reported in the current study, possibly leading to an overestimation in predicted
total activity energy expenditure.

The second aim of this study was to investigate the classification accuracy of Actical
sedentary behaviour and physical activity cut-points in 4- to 6-year-old children. For all
intensities combined and separate, Adolph and Adolph15s (when comparing 15-second
epoch cut-points only) resulted in significantly greater classification accuracy compared
to all others. As the current physical activity recommendations for young children are
operationalised as time spent in total physical activity (i.e. light- to moderate- to
vigorous-intensity physical activity (Department of Health, 2011; Department of Health
and Ageing, 2009; Tremblay et al., 2012a)) this is of special interests in this age group.
The Adolph15s showed good classification accuracy for total physical activity.
Therefore, these findings support the use of Adolph Actical cut-points in 4- to 6-yearold children when examining the prevalence of children meeting physical activity
recommendations. As this is the first study to examine the classification accuracy of
Actical physical activity and sedentary behaviour cut-points in 4- to 6-year-old children
comparison to other studies is limited. One study examined the classification accuracy
of Actical cut-points in older children. However, Alhassan et al. (2012) reported poor
classification accuracy when using the Puyau cut-points. This is in contrast with the
results of the current study in which the Puyau cut-point performed reasonably well.
However, the Alhassan et al. (2012) study included children and adolescents 8- to 16108
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years of age and therefore some differences would be expected. Differences in
physiological, biomechanical and structural factors, such as differences in gait
parameters and body surface area to body mass ratios, are thought to influence the
association between accelerometer output and energy expenditure during childhood and
therefore age-related cut-point definitions for physical activity intensity might be useful
(Trost, 2007). In the current study two of the five sets of cut-points assessed were
specifically developed for preschool children (Adolph et al., 2012; Pfeiffer et al., 2006).
Adolph resulted in the best classification accuracy for all physical activity intensities;
however, Pfeiffer did not perform as well when classifying moderate- to vigorousintensity physical activity. Pfeiffer et al. reported an underestimation of VO2 when
cross-validating the developed Pfeiffer equation on which the moderate- to vigorousintensity physical activity cut-point was based (Pfeiffer et al., 2006). This is in line with
the results of the current study, which suggest that the Pfeiffer cut-point might be too
high to accurately classify moderate- to vigorous-intensity physical activity. In addition,
free-living physical activities were not included in Pfeiffer et al.‘s (De Bock et al.,
2010) calibration protocol, whereas Adolph et al. (2012) did include free-living
activities. Calibration studies should include ambulatory and non-ambulatory activities
to cover a broad range of free-living activities (Bassett, Rowlands and Trost, 2012).
Such reasons may explain why the Pfeiffer cut-point did not perform as well as cutpoints developed in studies where the activity protocol included free-living activities
(Adolph et al., 2012; Evenson et al., 2008; Heil, 2006; Puyau et al., 2004).

Several studies indicate that epochs shorter than 60 seconds should be used in young
children to avoid underestimating their moderate- to vigorous-intensity physical
activity, due to their sporadic and intermittent physical activity behaviour (McClain et
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al., 2008; Reilly et al., 2008). The results from the present study, which showed better
classification accuracy when using the 60-second epochs (i.e. Adolph and Puyau) are
therefore somewhat unexpected. The structured protocol used in the present study
protocol might have limited opportunity for the sporadic behaviour that characterizes
young children‘s free-living activities. This might have led to our analyses being less
prone to epoch-related misclassification. In addition, the number of epochs included for
analysis was greater when using 15-second epochs, resulting in more opportunities for
possible misclassification. However, reanalysing the 60-second epochs as 15-second
epochs led to similar results. Using the Adolph15s cut-point still resulted in the best
classification accuracy over all intensities. As such, we recommend using 15-second
epochs when measuring physical activity intensity in young children.

This study has several strengths and limitations. The room calorimeter is a confined
space and the children followed a standardized activity protocol, limiting the ability to
represent children‘s free-living, intermittent physical activity patterns and the
generalizability of the findings to free-living conditions. However, the protocol included
developmentally appropriate, free-living activities and, due to the small size and stature
of the children, the limited space may have had less influence on their activity
behaviour than might be the case in older children or adults. As it was considered
unfeasible to ask children to fast before a 2.5-hour activity protocol, resting energy
expenditure measures were not available and therefore predicted basal metabolic rate
was used. This might have influenced the defined MET values in this study. However,
the use of predicted basal metabolic rate is consistent with similar studies in older
children and adolescents (Reilly et al., 2006b; Trost, Way and Okely, 2006; Trost et al.,
2011). In addition, due to the calorimeter sampling frequency and the time lag that
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exists when measuring energy expenditure in large volumes, it was not possible to
measure energy expenditure in time blocks shorter than 10 minutes (Schoffelen et al.,
1997), making it impossible to have 15-second epoch specific energy expenditure
values. By including direct observation as well as measured energy expenditure by the
room calorimeter the impact of potential misclassification errors associated with each of
the criterion measures was reduced. In addition, using the room calorimeter made it
possible for children to perform activities without being limited by wearing a facemask
and portable calorimetry device. Wearing a facemask may potentially impact on the
performance of a given activity, especially in young children, who may be less able to
sustain the weight and discomfort of a portable device compared to older children, and
in young children the extra weight of a portable device may increase the energy cost of
activity significantly. Finally, it is possible that cut-point methodology might soon be
replaced by pattern recognition analysis techniques applied to waveform data (Freedson
et al., 2012). However, pattern recognition techniques are still in the developmental
stages and until such methodologies are more widely available, the accurate
classification of sedentary behaviour and physical activity using cut-points will remain
an important issue for researchers, in particular for those using already collected
epidemiological data on child exposures to disease outcomes in adulthood. It is
important, therefore, to identify which cut-points are most accurate in young children as
it is clear that the use of different cut-points results in substantial differences when
reporting time spent sedentary and in each of the physical activity intensities (Cliff and
Okely, 2007; Reilly et al., 2008; Van Cauwenberghe et al., 2011), and when estimating
compliance with physical activity recommendations (Beets et al., 2011).
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In summary, neither, the Pfeiffer, Puyau, Heil-1 or Heil-2, accurately predicted activity
energy expenditure for all physical activity intensities. For moderate- to vigorousintensity physical activity, all equations performed well and could possibly be used to
predict activity energy expenditure during moderate- to vigorous-intensity physical
activity in 4- to 6-year-old children. However, further assessment in a broader range of
typical non-ambulatory activities is required for the equations to be used with
confidence across a broad range of free-living physical activity. When assessing the
prediction of physical activity intensity, Adolph and Adolph15s performed best across all
intensities. We recommend using the Adolph15s cut-points of ≤ 6 counts per 15 seconds
when classifying sedentary behaviour, between 7-286 counts per 15 seconds when
classifying light-intensity physical activity and ≥ 287 counts per 15 seconds when
classifying moderate- to vigorous-intensity physical activity (Adolph et al., 2012).
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Validation of activPALTM defined sedentary time and breaks in sedentary time
6.1

Introduction

Excessive time spent sedentary during childhood increases the likelihood of becoming
overweight as an adult (Hancox, Milne and Poulton, 2004) and is adversely related to
several health outcomes independent of the amount of moderate- to vigorous-intensity
physical activity undertaken (Hancox, Milne and Poulton, 2004; Thorp et al., 2011). In
addition, prolonged bouts of uninterrupted sedentary behaviour (> 30 mins) have been
associated with cardiovascular disease risk factors (Healy et al., 2008) possibly due to
distinct and important physiological differences in skeletal muscle metabolism and
energy expenditure which appear to exist between standing still and sitting in adults
(Hamilton, Hamilton and Zderic, 2007). However, whether or not total sedentary
behaviour and prolonged bouts of sedentary behaviour affect health outcomes
independent of moderate- to vigorous-intensity physical activity in children and
adolescents is not yet conclusive (Atkin et al., 2012; Carson and Janssen, 2011; Cliff et
al., 2013; Ekelund et al., 2012; Mitchell et al., 2012). Emerging evidence suggests that
sedentary behaviour might be related to adverse health outcomes, especially in
overweight and obese children (Atkin et al., 2012; Cliff et al., 2013; Mitchell et al.,
2012). To our knowledge, no studies have reported on the effects of sedentary
behaviour on health outcomes independent of moderate- to vigorous-intensity physical
activity in preschool-aged children. Understanding whether or not sedentary behaviour
affects health outcomes in preschool children will depend on the ability to measure
sedentary behaviour adequately.

A limitation of current sedentary behaviour research is the method used to measure
sedentary behaviour. Hip-mounted accelerometers are the most common objective
monitoring tool used to measure sedentary behaviour in children. However, the
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placement of accelerometers on the hip and the use of cut-points for non-waveform
signals make it difficult to distinguish sitting from standing still (Chen et al., 2012),
which in turn may increase measurement error when assessing sedentary behaviour and
light-intensity physical activity. Valid measures that are able to accurately detect
movement from sitting to standing are needed to determine if sedentary behaviour
influences health outcomes in preschoolers, independent of physical activity. Newer
accelerometer-based devices use sensors which are sensitive to both static and dynamic
accelerations, which if stored in raw form make it possible to measure the angle of the
device relative to the gravitational field. By measuring the angle of the device, the
orientation of the body segment to which the device is attached can be determined.
From this, inferences can be made about the position of the body (Chen et al., 2012).

One of the devices using this new technology is the activPALTM (PAL Technologies
Ltd., Glasgow, UK), which measures the acceleration of the thigh. The activPALTM
software classifies the measured signal into sit/lie, stand, walk, and other; this method is
now widely used (Godfrey, Culhane and Lyons, 2007; Harrington, Welk and Donnelly,
2012; Martin et al., 2011; Ridgers et al., 2012). Nevertheless, to date only two studies
have examined the validity of the method for estimating posture allocation (Davies et
al., 2012; De Decker et al., 2013) or breaks in sedentary behaviour (i.e. transition from
sitting to standing or walking) (Davies, Reilly and Paton, 2012) against a criterion
measure in preschool-aged children. However, the results of these studies were
contradictory, with one reporting high values of sensitivity and specificity (Davies et al.,
2012), whereas the other reported low levels of sensitivity and specificity when
classifying postures (De Decker et al., 2013). The conflicting results might have been
due to differences in how certain activities were interpreted by the direct observation
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method. For example, one study included kneeling as sedentary behaviour (i.e.sit/lie;
(De Decker et al., 2013)), whereas another study classified this as ‗other‘ (Davies et al.,
2012). In addition, different epoch settings were used (i.e. 15 seconds versus 1 second)
(Davies et al., 2012; De Decker et al., 2013). One study examined the accuracy of
activPALTM defined breaks in sedentary behaviour (Davies, Reilly and Paton, 2012).
Davies, Reilly and Paton (2012) reported an overestimation of the number of breaks in
sedentary behaviour predicted by the activPALTM in this age group.

To improve our knowledge of possible health benefits of reducing and/or breaking up
prolonged sedentary behaviour and to improve our understanding of sedentary
behaviour patterns in preschool children it is important to have objective measures
which measure both time spent in different postures (e.g. sitting and standing) and
breaks in sedentary behaviour. Consequently, the aim of this study was to examine the
classification accuracy of the activPALTM, including total time spent sedentary and total
number of breaks in sedentary behaviour in 4- to 6-year-old children.

6.2

Methods

Study participants
Forty healthy 4- to 6-year-old children were recruited from the Illawarra region of New
South Wales, Australia (Appendix C). Participants were recruited from childcare centres
(preschools, long-day and family-day care) and excluded from the study if their parents
reported they had a disease known to influence their energy balance (e.g.
hypothyroidism), had a physical disability and/or were claustrophobic. No children
were excluded on these grounds. The study was approved by the University of
Wollongong/ SESIAHS Health and Medical Human Research Ethics Committee
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(Appendix B). Parents of participants provided informed written consent, and their
children provided their assent to participate in the study (Appendix F).

Activity Protocol
Participants followed a 150-minute structured activity protocol in the laboratory. The
protocol involved child appropriate sedentary behaviour, light-, and moderate- to
vigorous-intensity physical activity. Children performed all activities in an identical
order over a pre-determined duration (most activities lasted 3 to 5 minutes) under the
guidance of a trained research assistant (Table 3.1 and Appendix D). Children‘s height
and weight were measured using standardised procedures: height to the nearest 0.1 cm
using a portable stadiometer (PE87, Mentone Educational Centre, Victoria, Australia)
and weight to the nearest 0.1 kg using a calibrated electronic scale (Tanita BC-418A,
Tanita Corporation of America, Illinois, USA).

Accelerometer
The activPALTM is a uni-axial accelerometer. The activPALTM software classifies
periods of time in different postures, categorized as sit/lie, stand or walk, based on the
inclination of the thigh. In addition, the activPALTM software identifies transitions from
sit/lie to upright and from upright to sit/lie. The activPALTM was initialized with
minimum sitting or upright period of 1 second and time synchronized with the video
camera (used for direct observation, see next section). Children were fitted with an
activPALTM on the right thigh using a double sided hydrogel adhesive pad (PALstickies,
PAL Technologies Ltd., Glasgow, UK), and an elastic bandage to provide additional
stability.
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Direct Observation
To examine the validity of the activPALTM for classifying postures and to test the
accuracy of the activPALTM when predicting total breaks in sedentary behaviour
participants were filmed during the protocol. Video footage was coded using Vitessa 0.1
(Version 0.1, University of Leuven, Belgium) which generated a time stamp every time
a change in posture or intensity was coded by the observer (Van Puyenbroeck, Maes
and Laeremans, 2005). Every second following a given time stamp was coded as being
at the same posture as that occurring at the point of the time stamp itself. Each second
was coded in this way until a change in posture was indicated by the appearance of the
next time stamp. This resulted in second-by-second coding. Children‘s postures were
classified as sit/lie, stand, walk, other, or off screen. Postures were classified as sit/lie
whenever the child‘s bottom touched the ground, a chair, or their legs (e.g. kneeling on
both knees with their bottom touching the legs or heels). ‗Other‘ was defined as any
posture which did not fit in with the sit/lie, stand or walk categories, such as kneeling on
one knee, crawling, or hanging over the edge of a chair while leaning on a table (Davies
et al., 2012). One observer coded all data after completing two days of specific training
using data from pilot trials. To assess inter-observer reliability, video footage of four
randomly selected participants was coded by the observer and a criterion observer who
had expertise in coding postures from video footage. Inter-observer reliability was
89.4%.

Data reduction
Classification accuracy for classifying postures
Posture allocation data from the ActivPALTM were used as 1-second epochs and aligned
with second-by-second direct observation data. In the event of more than one posture
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occurring during the same second, either in direct observation or activPALTM data, the
second was duplicated. Direct observation data were then coded using a binary
classification system as follows; sit /lie (1) versus stand/walk/‘other‘ (0), stand (1)
versus sit/lie/walk/‘other‘ (0) and walk (1) versus sit/lie/stand/‘other‘ (0). For the
activPALTM data were coded as sit /lie (1) versus stand/walk (0), stand (1) versus
sit/lie/walk (0) and walk (1) versus sit/lie/stand (0).

Validity of time spent in different postures
Time spent in sit/lie, stand and walk were calculated for the activPALTM and direct
observation for each participant. Direct observation data were then compared to
activPALTM data.

Validity of breaks in sedentary time
Breaks in sedentary behaviour (i.e. transitions between sit/lie and upright (i.e. stand or
walk)) were coded with a custom-made Microsoft Excel, version 2010 (Microsoft
Corporation Ltd., Silicon Valley, CA) macro using the second-by-second activPALTM
posture allocation data and second-by-second direct observation data. Transitions from
stand or walk to sit/lie were not counted. The total number of breaks were calculated for
each participant over the duration of the protocol. Analyses were conducted including
and excluding epochs which were classified as ‗other‘. As, to date, there is no evidence
to indicate whether these ‗other‘ postures have the same physiological effects as either
sitting or standing. Therefore, postures classified as ‗other‘ were reclassified as both
sit/lie and standing when examining the validity of breaks in sedentary behaviour. This
means analyses were undertaken in two ways: 1) ‗other‘ postures were reclassified as
sit/lie (i.e. ‗other‘ to upright transitions were included as sit/lie to upright transitions);
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and 2) other postures were reclassified as upright (i.e. sit/lie to ‗other‘ transitions were
included as sit/lie to upright).

Statistical analysis
Sensitivity, specificity, and area under the receiver operating curve (ROC-AUC) were
calculated to evaluate the classification accuracy for posture allocation. The sensitivity
and specificity relate to the classification accuracy of the discriminating angle within the
proprietary algorithm used by the activPALTM to classify sitting, standing or walking
against the criterion measure of direct observation. The area under the ROC-curve
(ROC-AUC) provides an indication on how accurately the discriminating angle within
the proprietary algorithm used by the activPALTM can classify a behaviour (e.g.
sitting), taking both sensitivity and specificity into account. ROC-AUC values were
defined as excellent (0.9-1.0), good (0.8-0.9), fair (0.7-0.8) or poor (<0.7) (Metz, 1978).
Differences in total duration of time spent in each of the postures obtained from the
activPALTM and direct observation and differences in the total number of breaks in
sedentary behaviour between activPALTM and direct observation data were examined
using dependent samples t-tests. All statistical analyses were performed using STATA
Version 12 (StataCorp, College Station, Texas, USA).

6.3

Results

Characteristics of study sample.
Forty children completed both visits. Two had missing data due to activPALTM failure.
Therefore, 38 children had valid activPALTM and direct observation data. The mean
direct observation time per child was 147 minutes (± 28 minutes).Of the possible
335160 1-second epochs (38 x 147 x 60) 329456 epochs were included (98.3%).
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Excluded epochs were due to the child being off screen. Descriptive characteristics are
presented in Table 6.1. Overweight was defined according to Cole et al. (2000) cutpoints. None of the participants were obese according to the Cole et al. cut-points (Cole
et al., 2000).
Table 6.1 Participant characteristics
Total sample
(n = 38)
Age (years)
5.3 ± 1.0
Height (cm)
112.7 ± 8.1
Weight (kg)
20.4 ± 3.7
BMI (kg/m2)
16.0 ± 1.5
% overweigh *
23.7

Boys
(n = 20)
5.2 ± 1.0
114.0 ± 6.4
21.3 ± 2.4
16.4 ± 1.2
25.0

Girls
(n = 18)
5.3 ± 1.1
110.9 ± 9.7
19.4 ± 4.6
15.5 ± 1.6
22.2

Values are mean ± standard deviation; *defined according to Cole et al. (2000)

Classification accuracy for classifying postures
Sensitivity, specificity and ROC-AUC were analysed for sit/lie, stand, and walk. Results
are reported in Table 6.2. For sit/lie, classification accuracy was good (ROC-AUC =
0.84 and 0.88 including and excluding the ‗other‘ postures, respectively). Classification
accuracy increased significantly when ‗other‘ postures were excluded (P < 0.05).
Classification accuracy for standing (ROC-AUC = 0.76 and 0.77 including and
excluding ‗other‘ postures, respectively) and walking (ROC-AUC = 0.73 and 0.74
including and excluding ‗other‘ postures, respectively) was fair. After excluding ‗other‘
postures small but significant increases in classification accuracy were found (P < 0.05).

Validity of time spent in different postures
Data were analysed both including and excluding seconds classified by direct
observation as ‗other‘. Time spent in different postures is shown in Figure 6.1.
Including other postures resulted in the activPALTM classifying 46.6% (± 16.3%),
32.7% (± 10.1%) and 20.7% (± 9.1%) of the time as sit/lie, stand and walk, respectively.
Corresponding direct observation data classified 40.8 % (± 15.0%), 17.9% (± 6.3%),
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30.7% (± 9.7%) and 10.6% (± 7.3%) as sit/lie, stand, walk, and other, respectively. The
mean difference and 95% confidence intervals of the activPALTM and direct observation
were +5.9% (0.6% to 11.1%), +14.8% (11.6% to 17.9%) and -10.0% (-12.9% to -7.0%)
for sit/lie, stand and walk, respectively. Of the data coded as ‗other‘ by direct
observation, the activPALTM classified 51.7% (± 24.1%), 31.4% (±14.6%) and 16.9%
(±17.3%) as sit/lie, stand and walk, respectively. Including postures classified as ‗other‘
resulted in a significant difference between sit/lie defined by the activPALTM and direct
observation (P < 0.05). When excluding postures classified as ‗other‘, the activPALTM
classified 45.6% (± 17.7%), 33.0% (± 10.5%) and 21.4% (± 9.8%) of the time as sit/lie,
stand and walk, respectively. Corresponding direct observation data classified 45.2 % (±
14.7%), 20.1% (± 7.0%), and 34.6% (± 10.9%) as sit/lie, stand and walk, respectively.
The mean difference and 95% confidence intervals of the activPALTM and direct
observation were +0.3% (-4.8% to 5.5%), +12.9% (9.6% to 16.2%) and -13.2% (-16.3%
to -10.2%) for sit/lie, stand and walk, respectively. No significant difference was found
between the activPALTM predicted time spent in sit/lie direct observation defined time
spent in sit/lie (P = 0.58). In addition, time classified as stand or walk was significantly
different between direct observation and the activPALTM with no difference when
including or excluding postures classified as ‗other‘ (P < 0.05 for all).

Validity of breaks in sedentary time
The number of breaks throughout the duration of the protocol was 55 (± 26) for the
activPALTM and 20 (±11) for direct observation when excluding epochs classified as
‗other‘. A significant difference was found between the two means (35 ± 22; P < 0.01).
Reclassifying epochs classified as ‗other‘ and including them as sit/lie resulted in 79 (±
38) and 55 (± 26) breaks in sedentary behaviour identified by the activPALTM and direct
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observation, respectively, over the course of the protocol. Consequently this led to a
smaller, but still significant, overestimation of transition occurring from sit/lie to upright
(24 ± 22) (P < 0.01). When reclassifying ‗other‘ as upright the activPALTM coded 83 (±
34) breaks over the course of the protocol, whereas 28 (± 17) breaks where coded over
the course of the protocol using direct observation resulting in a significant difference
(55 ± 27; P < 0.001).
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Table 6.2 Sensitivity, specificity and ROC-AUC for sit/lie, stand and walk
Sit/lie
Se%
Sp%
ROC-AUC
(95% CI)
(95% CI)
(95% CI)
Including ‗other‘
87.6
81.0
0.84
Category
(87.4-87.8)
(80.8-81.1)
(0.84-0.84)
Excluding ‗other‘
87.6
88.1
0.88
Category
(87.4-87.8)
(87.9-88.2)
(0.88-0.88)

Se%
(95% CI)
75.6
(75.2-75.9)
75.6
(75.2-75.9)

Stand
Sp%
(95% CI)
76.6
(76.5-76.8)
77.9
(77.7-78.0)

ROC-AUC
(95% CI)
0.76
(0.76-0.76)
0.77
(0.77-0.77)

Se%
(95% CI)
52.5
(52.2-52.8)
52.5
(52.2-52.8)

Walk
Sp%
(95% CI)
93.1
(93.0-93.2)
95.0
(94.9-95.1)

ROC-AUC
(95% CI)
0.73
(0.73-0.73)
0.74
(0.74-0.74)
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A

B

Figure 6.1 Time classified as sit/lie, stand, walk or other by direct observation and the activPALTM. A)
including postures classified as ‗other‘; B) excluding postures classified as ‗other‘. * Significant
difference between direct observation and activPALTM (P < 0.05)
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6.4

Discussion

The activPALTM demonstrated good classification accuracy for sitting and fair
classification accuracy for standing and walking. However, time spent sitting and
standing was overestimated by the activPALTM while time spent walking was
underestimated. In addition the total number of breaks was significantly overestimated
by the activPALTM when using a 1 second minimum sitting or upright period.

This study found a significant difference between time spent in sedentary behaviour
estimated by the activPALTM and direct observation whereas good classification
accuracy was found for sedentary behaviour. These results may seem contradictory, but
might partly be due to the nature of the different tests used. When examining the
classification accuracy activPALTM data were compared to the criterion measure on an
epoch by epoch level, whereas time spent in each intensity was analysed using total
time spent in the specified intensity on child level. Consequently a larger number of
data points were used when examining classification accuracy (n = 329456), compared
to time spent in different postures (n = 38). Although, the activPALTM was found to
significantly overestimate time spent sedentary, the value was 5.9%. This equates to an
overestimation of 3.5 minutes per hour, of which the practical or clinical significance is
unclear. To our knowledge, only one study has previously examined the validity of time
spent in different postures against a criterion method for posture allocation in preschoolaged children (Davies et al., 2012). Davies et al. (2012) reported that the activPALTM
significantly underestimated time spent sitting/lying, which is in contrast with the
results from the current study. A clear difference between the current study and Davies
et al. (2012) is the amount of time classified as ‗other‘ by direct observation. In the
current study 11% of the seconds were classified as ‗other‘, whereas in the study by
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Davies et al. (2012) children spent 3% of their time in postures classified as ‗other‘. Our
data showed that most of these ‗other‘ postures were classified as sit/lie by the
activPALTM. In addition, when excluding postures classified as 'other' the mean
differences between direct observation and the activPALTM were small and not
statistically significant. The amount of ‗other‘ postures might have contributed to the
overestimation of sitting time in the current study.

Using the activPALTM to classify sit/lie and stand resulted in good sensitivity and
specificity. However, when classifying walking, sensitivity was only 52.5% suggesting
that the activPALTM might not be sensitive enough to distinguish standing still from
walking in 4- to 6-year-old children. To our knowledge, only two studies have
previously examined the classification accuracy of the activPALTM against a criterion
method for posture allocation in preschool-aged children (Davies et al., 2012; De
Decker et al., 2013). De Decker et al. (2013) reported poor classification accuracy for
sit/lie which is not consistent with the findings in the current study. The study
conducted by the De Decker et al. (2013) was conducted in free-living conditions
whereas the current study was based in a laboratory. The structured protocol used in the
current study might have led to increased classification accuracy. However, Davies et
al. (2012) reported that sensitivity and specificity for activPALTM classification of sit/lie
and stand categories ranged from 86.5% to 97.3%, respectively, whereas the sensitivity
for walking was approximately 77.9%. These values are slightly higher than were found
in the current study. Again, one difference between these two studies and the current
study is the time classified as ‗other‘. De Decker et al. (2013) reported that 38% of
monitored time was spent in postures classified as ‗other‘. The large proportion of time
classified as ‗other‘ in the study by De Decker et al. (2013) might have resulted in low
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classification accuracy for sit/lie. The findings in the current study and those from
others suggest that a key factor in interpreting the results of activPALTM defined
sedentary behaviour is the amount of ‗other‘ postures included.
It is unknown how long preschool children typically spend in postures that are difficult
to classify as sitting or standing in free-living settings such as their homes or child-care.
However, because of the characteristics of their active play (e.g. playing with toys on
the floor), it is plausible that they might spend a meaningful amount of time in these
types of postures. Therefore, the overestimation of sitting time when using the
activPALTM could potentially be more apparent in young children compared to
adolescents or adults. However, as there is no evidence to indicate how these ‗other‘
postures relate to health outcomes it is unclear how these postures should be classified
and, therefore, it is difficult to determine the validity and classification of the
activPALTM in young children.

This study showed an overestimation in the total number breaks in sedentary behaviour
detected by the activPALTM compared to direct observation. Similar results were found
by Davies, Reilly and Paton (2012) who reported an overestimation of the number of
breaks in sedentary behaviour predicted by the activPALTM. Additional analyses in this
study showed that the difference in total number of breaks between the activPALTM and
direct observation was influenced by including or excluding the epochs classified as
‗other‘ by direct observation. By reclassifying epochs classified as ‗other‘ to sit/lie the
mean difference decreased, indicating that activPALTM may have classified the majority
of the ―other‖ postures as sit/lie. In their study, Davies, Reilly and Paton (2012) reported
that 34% of children‘s breaks in sedentary behaviour were from ‗other‘ postures to an
upright posture. Results in this study showed that 63.8% of children‘s transitions to
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upright postures were transitions from ‗other‘ postures to upright. This may indicate that
a considerable number of young children‘s breaks include ‗other‘ postures. It is not
known how common breaks from sitting to ‗other‘ postures are in older children or
adults. However, preschool-aged children may spend considerably more time in ‗other‘
postures due to the sporadic and intermittent nature of their movements. Therefore, they
may accumulate more breaks from or to ‗other‘ postures. Based on two previous studies
(Davies et al., 2012; De Decker et al., 2013) and the current study, time spent in ‗other‘
postures seems to be related to the classification accuracy of the activPALTM and
therefore the overestimation of breaks in sedentary behaviour when using the
activPALTM might be more apparent in young children compared to older children or
adults.

It is not clear among young children whether these breaks in sedentary behaviour are
beneficial for health, or how frequent a break needs to occur in order to be biologically
meaningful. Evidence among adults has emerged demonstrating the metabolic benefits
of breaking up prolonged sitting (measured by change in posture). Breaking up sitting
time increases muscle fibre recruitment which may potentially produce specific cellular
signals which regulate some cardio metabolic risk factors (Hamilton, Hamilton and
Zderic, 2007). In addition, recent studies have shown that increasing the number of
breaks (i.e. increasing overall physical activity energy expenditure) in sitting time is
beneficially associated with metabolic risk factors independent of total sitting time and
moderate- to vigorous-intensity physical activity (Healy et al., 2008; Healy et al., 2011).
It is unclear whether these mechanisms and health benefits occur in preschool-aged
children and whether transitioning from sit/lie to ‗other‘ postures would be classified as
a break in sitting time. However, one could argue that moving from sitting to a posture
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specified as ‗other‘ would require the muscles to contract and therefore these transitions
may be considered as a break. Future studies are needed to assess the importance of
breaks in sitting time in preschool-aged children.
This study had several limitations. First, it was conducted in a laboratory-based
environment which may limit the generalizability of the findings to free-living
behaviours. Second, 11% of children‘s postures were classified as ‗other‘. Including
these seconds, as is done in free-living studies, had a significant impact on the results
with a significant decrease in specificity. However, as it is unclear how much time
preschool-aged children spend in ‗other‘ postures, studies are needed to examine the
total amount of time spent in ‗other‘ postures before a conclusion can be drawn about
the impact of the misclassification of ‗other‘ postures.

This study also had several strengths. The sample of 38 preschool children was
relatively large, evenly distributed by sex, and approximately representative with regard
to weight status. In addition, including 2.5 hours of direct observation per child as a
criterion measure is a longer observational period than has been included in other
studies. The protocol included a variety of child-specific and developmentally
appropriate activities, ranging in intensity from sedentary behaviour to moderate- to
vigorous-intensity physical activity and including a substantial variation in postural
allocation and transitions between postures which is in line with current best practice
recommendations for activity monitor validation studies (Bassett, Rowlands and Trost,
2012).

The results of this study show that the accelerometer method has reasonable
classification accuracy when assessing postures on an epoch level in preschool children.
However, activPALTM defined time spent in different postures was less accurate.
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Significant differences in the number of breaks in sedentary behaviour recorded by the
activPALTM compared to direct observation were found. The activPALTM is unable to
classify a wide variety of ‗other‘ postures. Therefore, future studies should examine the
importance of classifying ‗other‘ postures in young children.
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Chapter 7
Validation and calibration of the activPALTM for estimating
METs and physical activity in 4- to 6-year-olds using direct
observation and room calorimetry
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7.1

Introduction

Accelerometry has become the method of choice for measuring free-living physical
activity behaviours in children (Beets et al., 2011; Cliff, Reilly and Okely, 2009;
Hinkley et al., 2012). However, sedentary behaviour, defined as any waking behaviour
characterized by an energy expenditure ≤ 1.5 metabolic equivalents (METs) while in a
sitting or reclining posture (Sedentary Behaviour Research Network, 2012), has been
shown to be adversely associated to cardio metabolic outcomes in adulthood,
independent of moderate- to vigorous-intensity physical activity (Thorp et al., 2011). In
addition, some evidence suggests that sedentary behaviour and moderate- to vigorousintensity physical activity might have independent associations with health outcomes in
children and adolescents (Bürgi et al., 2011; Mitchell et al., 2012). As such, the need for
an accurate objective measure of both sedentary behaviour and physical activity, ideally
using a single device to minimize participant burden, is increasing.

Currently, hip-mounted accelerometers are the most common objective monitoring tool
used to measure physical activity and sedentary behaviour in children. However, the
placement of accelerometers on the hip and the use of threshold values makes it difficult
to distinguish sitting from standing still (Chen et al., 2012), which in turn may increase
measurement error when assessing sedentary behaviour and light-intensity physical
activity. Newer accelerometer-based devices use sensors which are sensitive to both
static and dynamic accelerations and therefore make it possible to differentiate between
postures (Chen et al., 2012).

One of the devices using this new technology is the activPALTM (PAL Technologies
Ltd., Glasgow, UK). The activPALTM is a uni-axial accelerometer which is positioned
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on the anterior upper thigh. The positioning on the thigh enhances the ability to classify
periods of time in different postures, categorized as lying/sitting, standing or walking. In
addition, the activPALTM output reports accelerometer counts and estimates of METs
based on step rate using an equation embedded in the activPALTM software (PAL
Technologies Ltd). The activPALTM has shown promising results for measurement of
sedentary behaviour among children aged 3-12 years (Aminian and Hinckson, 2012;
Davies et al., 2012; Martin et al., 2011).However, only one study has developed a
moderate- to vigorous-intensity physical activity threshold for the activPALTM, and that
study examined only adolescent girls (Dowd, Harrington and Donnelly, 2012). No
studies have examined the validity of the activPALTM for predicting METs among
preschool-aged children, nor developed a threshold to classify moderate- to vigorousintensity physical activity from activPALTM count output in preschoolers. As
compliance with objective monitoring is often lower than desirable among children, and
might decrease further if participants are required to wear multiple monitors, it is
preferable to use one monitor when assessing children‘s habitual sedentary behaviour
and physical activity levels. Therefore, the aim of this study was to examine the
predictive validity of the activPALTM METs equation in 4- to 6-year-old children. If the
activPALTM METs equation was found to provide biased estimates of energy
expenditure, our secondary aims were to develop and validate an activPALTM intensity
threshold for classifying moderate- to vigorous-intensity physical activity in 4- to 6year-old children
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7.2

Methods

Study participants
Forty healthy 4- to 6-year-old children were recruited from childcare centres in the
Illawarra region of New South Wales, Australia (Appendix C). The study was approved
by the University of Wollongong Human Research Ethics Committee (Appendix B).
Parents of participants provided informed written consent, and their children provided
their verbal assent to participate in the study (Appendix F).

Activity protocol
Children followed a 150-minute activity protocol including activities such as, watching
a movie on TV, playing with toys and shooting hoops, within the room calorimeter.
Children ate a light standardized breakfast 1.5 hours before entering the room
calorimeter, which had a minimal impact on their energy expenditure (Janssen et al.,
2013). Children performed all activities in an identical order over a pre-determined
duration under the guidance of a trained research assistant (Table 3.1 and Appendix D).

Accelerometer
The activPALTM (PAL Technologies Ltd., Glasgow, UK) is a uni-axial accelerometer
which classifies periods of time in different postures, categorized as lying/sitting,
standing or walking. In addition, the activPALTM output reports accelerometer counts
and estimates of METs based on step rate using an equation embedded in the
activPALTM software (Harrington, Welk and Donnelly, 2012). Before each experiment
the activPALTM was initialized and time synchronized with the video camera—used for
direct observation purposes—and the room calorimeter. Children were fitted with an
activPALTM which was worn on the front of the right thigh using a double sided
hydrogel adhesive pad and an elastic bandage to provide additional security.
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Room calorimetry
To assess the validity of the activPALTM for predicting METs, energy expenditure
measured by the room calorimeter was used as the criterion measure. Oxygen
consumption and carbon dioxide production were measured continuously (paramagnetic
O2 and infrared CO2 analysers, Sable System Inc., Las Vegas USA) and corrected to
standard temperature, pressure and humidity in the room calorimeter (3 m x 2.1 m x 2.1
m). Technical procedures related to the room calorimeter are described in more detail
elsewhere (Janssen et al., 2013). Chamber air was sampled every two min and rates of
oxygen consumption and carbon dioxide production were then averaged over 10-minute
blocks to produce stable measures of energy expenditure (Schoffelen et al., 1997).

Direct observation
During their time in the room calorimeter, participants were digitally recorded, and
activity start and end times and breaks between activities were recorded. To define a
moderate- to vigorous-intensity physical activity intensity threshold for the activPALTM
and examine the validity of the activPALTM METs equation, children‘s movement was
coded using the Children‘s Activity Rating Scale (CARS; (Puhl et al., 1990)). CARS is
based on a 1 to 5 coding scheme, identifying five levels defining the following
intensities: level 1 and 2 = sedentary behaviour, Level 3 = light-intensity physical
activity and Level 4 and 5 = moderate- to vigorous-intensity physical activity. It has
been shown to be a reliable and valid tool to assess physical activity levels in young
children (DuRant et al., 1993; Puhl et al., 1990) and has been used in accelerometer
validation studies in these age groups (De Bock et al., 2010; Trost et al., 2012a). Video
footage was coded with the help of Vitessa 0.1 (Version 0.1, University of Leuven,
Belgium) which generated a time stamp every time a change in intensity was coded by
the observer. Data were coded by one observer who undertook two days of specific
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CARS training. During training, data from pilot trials were used. After coding, weighted
average CARS scores were calculated for each 15 seconds epoch corresponding to the
activPALTM output. In this study averaged 15-second epochs were classified into
intensity as follows: sedentary behaviour ≤ level 2; light-intensity physical activity >
level 2.0 and ≤ 3.0; moderate- to vigorous-intensity physical activity > level 3.0 (Puhl et
al., 1990).

Data reduction
Energy expenditure for every 10-minute block was calculated using the Weir equation
(Weir, 1949). MET values were calculated by dividing measured energy expenditure by
estimated basal metabolic rate using the Schofield equation for children aged 4- to 10years (Schofield, 1985). The 10-minute blocks of energy expenditure were classified
based on their equivalent MET values, into physical activity intensities as follows;
sedentary behaviour ≤ 1.5 METs, light-intensity physical activity > 1.5 and < 3.0 METs
and moderate- to vigorous-intensity physical activity ≥ 3.0 METs.

Predictive validity of the activPALTM METs equation
ActivPALTM MET values were collected in 15-second epochs and then averaged over
10-minute blocks that aligned with 10-minute MET values defined using energy
expenditure measured by the room calorimeter. Participants‘ MET values were
averaged per intensity and over the duration of the protocol. Predicted MET values were
then compared to measured MET values by the room calorimeter.
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Development of an activPALTM moderate- to vigorous-intensity physical activity
intensity threshold
To ensure the development and validation group were relatively similar participants
were stratified by sex and randomly allocated into either the development or validation
group. To define a moderate- to vigorous-intensity physical activity intensity threshold,
data from the development group was used. ActivPALTM 15-s epoch acceleration counts
were used as provided by the activPALTM software and aligned with direct observation
data.

Classification accuracy of the activPALTM moderate- to vigorous-intensity physical
activity intensity threshold using direct observation
Data from participants allocated to the validation group were used to cross-validate the
developed intensity threshold. ActivPALTM data were classified as moderate- to
vigorous-intensity physical activity using the developed intensity threshold.
ActivPALTM data were then compared to direct observation data.

Classification accuracy of the activPALTM moderate- to vigorous-intensity physical
activity intensity threshold using direct observation and energy expenditure
The required energy expenditure for a given activity varies between individual children
(Pate et al., 2006; Trost, Way and Okely, 2006). Because direct observation systems
such as CARS rely on subjective classification and use general category descriptions to
assign levels to activities based on the apparent intensity of the activity, it is possible
that misclassification may occur for some individuals. To overcome this potential
limitation and confirm findings for physical activity intensity classification based on
direct observation, we developed an additional criterion measure that included both
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direct observation and energy expenditure measured by the room calorimeter. Tenminute average energy expenditure values were divided by predicted basal metabolic
rate to define intensity levels. All epochs within the 10-minute period immediately prior
to the measured average energy expenditure value (i.e. forty 15 seconds epochs) were
classified as sedentary behaviour, light-, or moderate- to vigorous-intensity physical
activity. To prevent potential false misclassification (e.g. when all criterion epochs in a
10-minute block were classified as moderate- to vigorous-intensity physical activity but
two min during these 10 minutes were light-intensity physical activity, these two min
would be falsely classified as moderate- to vigorous-intensity physical activity) direct
observation data and energy expenditure expenditure data were compared for every 15second epoch. Thereafter, criterion epochs were excluded if physical activity intensity
defined using energy expenditure measured by the room calorimeter did not agree with
the intensity levels derived from direct observation. In addition, epochs within the last
min of a 10-minute energy expenditure data block were excluded ensuring that any
small time lag in the calorimeter readings would not lead to mismatching criterion data
with activPALTM data. Likewise, criterion epochs which occurred during breaks
between activities were excluded.

Statistical analysis
Demographic differences between the development group (n = 18) and cross-validation
group (n = 18) were examined using independent t-tests and Fisher exact tests for
weight status. Dependent t-tests were used to compare the differences between
measured MET values and predicted MET values. Systematic bias was examined using
the Bland-Altman method (Bland and Altman, 1986). ROC analyses were used to
define an activPALTM moderate- to vigorous-intensity physical activity threshold. In
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addition, the developed intensity threshold was cross-validated using sensitivity,
specificity, and area under the receiver operating curve (ROC-AUC). ROC-AUC values
of ≥ 0.90 are considered excellent, ≥ 0.80 and < 0.90 good, ≥ 0.70 and < 0.80 fair, and <
0.7 poor (Metz, 1978). All statistical analyses were performed using MedCalc Version
12.3.0 software (MedCalc Software, Mariakerke, Belgium).

7.3

Results

Forty children completed the calorimeter activity protocol. Two children had missing
data due to activPALTM failure, and another two had missing data due to calorimeter
failure. For the remaining 36 children, 31 (85.1%), 34 (94.4%) and 32 (88.9%) had at
least one 10-minute block of sedentary behaviour, light-, or moderate- to vigorousintensity physical activity, respectively, according to calorimeter measured energy
expenditure values. Descriptive characteristics for the total sample and the development
and cross-validation groups are presented in Table 7.1. Boys and girls were equally
divided between the development (n=18) and cross-validation (n=18) groups and no
significant differences were found for age, weight, height, BMI, or weight status (p >
0.05)
Table 7.1 Participant characteristics *
Total Sample

% Boys
Age (years)
Height (cm)
Weight (kg)
BMI (kg/m2)
% Overweight* (n)

(n = 36)
52.8
5.3 (1.0)
112.7 (8.4)
20.5 (3.8)
16.0 (1.5)
25 (9)

Development
Group
(n = 18)
56.6
5.4 (1.0)
114.8 (9.2)
21.1( 3.7)
15.9 (1.2)
11.1 (2)

Cross-validation
Group
(n = 18)
50.0
5.2 (1.0)
110.7 (7.2)
19.9 (3.9)
16.1 (1.8)
38.9 (7)

Difference
between groups
(p value)
0.67
0.15
(0.37
0.64
0.12

BMI, body mass index; * data presented as mean (SD) unless otherwise stated; Values are mean ±
standard deviation; * defined according to Cole et al. (2000).
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Predictive validity of the activPALTM METs equation
The activPALTM METs equation overestimated METs during sedentary behaviour
(+6.0%) and underestimated METs for light-intensity physical activity (-15.3%),
moderate- to vigorous-intensity physical activity (-32.8%) and total METs (-13.6%) (all
p < 0.001) (Figure 7.1). Due to signs of heteroscedasticity, bias and 95% limits of
agreement were calculated using log-transformed data and presented as ratios. The bias
between measured and predicted energy expenditure was -5% (95% CI = -22% to
+11%), +19% (95% CI = -4% to +42%), +46% (95% CI = -20% to +112%) and +15%
(95% CI = -19% to +49%) for sedentary behaviour, light-, moderate- to vigorousintensity physical activity and total METs, respectively. The highest over-estimation
and under-estimation were found for the lowest and highest MET values, respectively
(Figure 7.2).

Figure 7.1 Metabolic equivalent values (METs) measured by the calorimeter versus predicted METs
using the activPALTM equation for sedentary behavior (SB), light-intensity physical activity (LPA) and
moderate- to vigorous-intensity physical activity (MVPA).. * significant difference between measured
and predicted METs (P<0.001).
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Figure 7.2 Bland-Altman plots depicting mean bias and limits of agreement (ratio of measured METs and
predicted METs) during A sedentary activities, B light-intensity physical activities, C moderate- to
vigorous-intensity physical activities, D the total duration of the protocol

Development of activPALTM moderate- to vigorous-intensity physical activity intensity
thresholds
Of the possible 10584 15-second epochs available from 18 participants in the
development sample, 9844 epochs (93.0%) were included as valid data. Missing data
were due to the child being off screen. As can be seen in Table 7.2, for classifying
moderate- to vigorous-intensity physical activity, ROC analysis resulted in an optimal
threshold value of ≥ 1418 counts per 15 seconds (ROC-AUC = 0.92). Sensitivity and
specificity for this cut-point were 82.9% and 90.9%, respectively.
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Table 7.2 ROC analysis for development and cross-validation of activPALTM moderate- to vigorousintensity physical activity intensity thresholds
Criterion
measure

Se%
Sp%
ROC-AUC
(95% CI)
(95% CI)
(95% CI)
Development
82.9
90.9
0.92
DO
≥1418
(81.3-84.4)
(90.3-91.5)
(0.91-0.92)
88.3
88.2
0.88
DO
(86.8-89.7)
(87.4-88.9)
(0.88-0.89)
Cross-validation
≥1418
DO
94.8
84.8
0.90
and EE
(93.0-96.3)
(83.8-85.7)
(0.89-0.91)
Se, sensitivity; Sp, specificity; ROC-AUC, area under the receiver operating characteristic curve; CI,
confidence interval; DO, direct observation; EE, energy expenditure.

Classification accuracy of developed activPALTM moderate- to vigorous-intensity
physical activity intensity thresholds using direct observation
Of the possible 10584 15-second epochs available from 18 participants in the crossvalidation sample, 9758 epochs (92.2%) were included as valid data. Missing data were
due to the child being off screen and one child‘s activPALTM came off the child‘s leg
during the protocol. Sensitivity, specificity and ROC-AUC were analysed for moderateto vigorous-intensity physical activity using the developed intensity threshold of ≥ 1418
counts per 15 seconds. As shown in Table 7.2, using the activPALTM moderate- to
vigorous-intensity physical activity threshold resulted in a sensitivity and specificity of
88.3% and 88.2%, respectively. Classification accuracy for moderate- to vigorousintensity physical activity was found to be good (ROC-AUC = 0.88).

Classification accuracy of developed activPALTM moderate- to vigorous-intensity
physical activity intensity thresholds using direct observation and measured energy
expenditure
Of the 10584 available 15-second epochs from 18 participants in the cross-validation
sample, 6175 epochs (58.3%) were included as valid data. Excluded data were due to
disagreement between calorimeter data and direct observation data, the child being off
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screen and one child‘s activPALTM coming off the child‘s leg during the protocol.
Sensitivity, specificity and ROC-AUC were analysed for moderate- to vigorousintensity physical activity using the developed intensity thresholds of ≥ 1418 counts per
15 seconds. As shown in Table 7.2, using the activPALTM intensity threshold resulted in
a sensitivity and specificity of 94.8% and 84.8%, respectively. Classification accuracy
for moderate- to vigorous-intensity physical activity was found to be excellent (ROCAUC=0.90).

7.4

Discussion

Using the MET equation embedded in the activPALTM software resulted in a significant
over-estimation of METs during sedentary behaviour, and a significant underestimation of METs during light-, moderate- to vigorous-intensity physical activity and
overall. To our knowledge, no study has previously examined the predictive validity of
the activPALTM METs equation in preschool-aged children. However, the current
findings are consistent with a previous study which reported an underestimation of total
METs in 15- to 25-year-old females when using the activPALTM METs equation
(Harrington, Welk and Donnelly, 2012). Reasons for the poor predictive validity might
be because only one independent variable, steps per min, is used in the activPALTM
equation to predict METs10. Variables like age, height and weight might possibly
influence the association between steps per min and energy expenditure. In addition,
Harrington et al. (2012) reported a stronger relationship between activPALTM counts
and energy expenditure than between steps and energy expenditure in 15- to 25-year-old
females. However, several studies have reported significant differences between
predicted and measured energy expenditure when using energy expenditure prediction
equations based on accelerometer counts from other commercially available hip-
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mounted accelerometers (Reilly et al., 2006b; Trost, Way and Okely, 2006). The
association between hip-mounted accelerometer counts and predicted METs differs per
activity (e.g. walking up a hill might not lead to higher accelerometer counts but will
expend more energy than walking on a flat section), and therefore a single equation
appears to have problems predicting METs accurately across a broad spectrum of
activities (Bassett, Rowlands and Trost, 2012). More complete approaches that go
beyond single regression equations, such as multiple regression equations or pattern
recognition may be required to accurately predict METs from accelerometry data in
children (Bassett, Rowlands and Trost, 2012). Considering the results of this study, and
previous published research, further development of the activPALTM MET equation is
required before it can be used to accurately estimate preschool-aged children‘s energy
expenditure.

Using the developed activPALTM threshold of ≥ 1418 counts per 15 seconds was found
to perform well when classifying moderate- to vigorous-intensity physical activity.
Cross-validation of this threshold, using direct observation only or direct observation
combined with energy expenditure, resulted in good and excellent classification
accuracy for moderate- to vigorous-intensity physical activity, respectively. To our
knowledge this is the first study to develop and cross-validate moderate- to vigorousintensity physical activity activPALTM thresholds in 4- to 6-year-old children. Previous
studies validating the activPALTM in this age group have focused on sedentary
behaviour and sitting time (Davies et al., 2012; De Decker et al., 2013). Only one study
has developed and cross-validated an activPALTM moderate- to vigorous-intensity
physical activity threshold in youth (Dowd, Harrington and Donnelly, 2012). Findings
indicated that the threshold of ≥ 2997 counts per 15 seconds resulted in excellent
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classification accuracy for moderate- to vigorous-intensity physical activity among 15to 18-year-old adolescent girls. The optimal activPALTM moderate- to vigorousintensity physical activity threshold found in that study was higher than that found in
the current study. In addition, a higher sensitivity and specificity was reported (Dowd,
Harrington and Donnelly, 2012). The lower threshold value in our study might be due to
the younger age of our participants, as physiological and biomechanical differences,
such as differences resting energy expenditure and gait patterns, exist between children
and adolescents (Harrell et al., 2005; Rowland, 2005). These differences are expected to
influence accelerometer output and consequently moderate- to vigorous-intensity
physical activity threshold values (Trost, 2007). In addition, Dowd et al. (2012)
implemented a protocol that included structured posture-based activities, while the
current study included a range of free-living and lifestyle activities. The use of a more
structured protocol may possibly be one reason for the increased sensitivity and
specificity compared to the current study (Dowd, Harrington and Donnelly, 2012).

Limitations of this study should be noted. The intensity thresholds developed in
validation studies are dependent on the included activities and the results will therefore
vary between studies. In this study a standardized activity protocol in a controlled
setting was used and while the protocol included developmentally appropriate freeliving activities, studies cross-validating the developed moderate- to vigorous-intensity
physical activity intensity thresholds in free living circumstances are needed. In
addition, the activities were performed in a pre-specified order which might have led to
energy expenditure during certain activities being more affected by excitement (at the
start) or fatigue (at the end) than others. Further, using room calorimetry limited the
ability to measure energy expenditure in time blocks shorter than 10 minutes
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(Schoffelen et al., 1997). Due to the age of the participants it was not feasible to create a
protocol including activities, especially of moderate-to-vigorous intensity, that last 10
minutes. As such, using portable calorimetry may have been better suited to capture the
sporadic and intermittent nature of preschoolers‘ moderate- to vigorous-intensity
physical activity. The proportion of data classified as valid and used in the analyses
when combining measured energy expenditure and direct observation was low,
especially for moderate- to vigorous-intensity physical activity. This was due to the
strict screening protocol we used in order to reduce potential misclassification error
from including, for example, data points in the moderate- to vigorous-intensity physical
activity category that may have been light-intensity physical activity. However, analyses
based on both direct observation and measured energy expenditure combined with
direct observation were used to overcome the impact of this limitation. Finally, it is
possible that threshold methodology might be replaced by pattern recognition
techniques in the future (Bassett, Rowlands and Trost, 2012). However, pattern
recognition approaches are still in the development stages and until such methodologies
are more widely available, the accurate classification of moderate- to vigorous-intensity
physical activity using threshold values will remain an important issue for researchers.

Despite these limitations, this study had several strengths. The inclusion of a crossvalidation group and a protocol which included a variety of child specific and
developmentally appropriate activities, ranging in intensity from sedentary behaviour to
moderate- to vigorous-intensity physical activity is in line with current best practice
recommendations for activity monitor validation studies (Bassett, Rowlands and Trost,
2012). Additionally, calorimetry was used which is the gold standard when measuring
energy expenditure and its use is rare in studies among preschoolers (Pate et al., 2006).
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Specifically, room calorimetry was used as the criterion method instead of a portable
calorimetry device. Using room calorimetry eliminates the need to use a facemask,
which could impact how a given activity is performed as it may not be tolerated by all
preschool children. Finally, as differences in energy expenditure per activity between
children is not taken into account when using direct observation alone, cross-validation
of the developed moderate- to vigorous-intensity physical activity threshold was
conducted using both direct observation as well as energy expenditure in conjunction
with direct observation as criterion measures. These analyses provided consistent
findings and assisted in overcoming the potential limitations related to each criterion
measure.

Further development of the integrated activPALTM MET equation is required before it
can be used with acceptable accuracy in preschool children. The moderate- to vigorousintensity physical activity threshold of ≥1418 counts per 15 seconds resulted in good
classification accuracy. However, further studies are required to assess the classification
accuracy of the activPALTM moderate- to vigorous-intensity physical activity thresholds
in free-living conditions.
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Discussion
The aim of this thesis was to address gaps in the research related to the objective
measurement of physical activity and sedentary behaviour in preschool-aged children.
To date, only one study has simultaneously examined the validity of current ActiGraph
energy expenditure prediction equations and physical activity intensity cut-points in this
age group (Kahan, Nicaise and Reuben, 2013). No study has simultaneously validated
current Actical energy expenditure prediction equations and physical activity intensity
cut-points in this age group, nor has the validity of the activPALTM for examining
physical activity intensity in 4- to 6-year-old children been previously examined. The
studies described in Chapter 3 to Chapter 7 each investigated one of the three aims of
this thesis. The following discussion provides a summary of the main findings of these
studies, an explanation of what these findings mean against the backdrop of the current
literature and a discussion of the strengths and limitations of the research. Finally,
implications for future research are considered and an overall conclusion is provided.

8.1

Overall discussion

8.1.1 Aim 1: the feasibility of a protocol for room calorimetry in 4- to 6-year-old
children
The study described in Chapter 3 was the first full-scale study to develop and test the
feasibility of a room calorimeter protocol for preschool-aged children. The results
demonstrated that valid data were collected in more than 75% of the children who
completed the room calorimeter protocol. In addition, reliability and validity of resting
energy expenditure measurements were examined after an overnight fast and after
consuming a light standardised breakfast followed by a 90-minute fast. Resting energy
expenditure assessments measured by room calorimetry were found to be reliable. A
slight increase in energy expenditure was found when comparing the 90-minute fast
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with the overnight fast condition (mean difference = 340 KJ/day), however these
differences were not statistically significant (P = 0.427). Assessments of resting energy
expenditure from both conditions were significantly higher than predicted basal
metabolic rate when using the Schofield equation (Schofield, 1985) (mean difference =
769KJ/day and 1113KJ/day for the overnight and 90-minute fast, respectively). Based
on the findings of this study, using room calorimetry in 4- to 6-year-old children was
considered to be feasible and the effect of a light standardised breakfast followed by a
90-minute fast on energy expenditure values appeared to be minimal compared to an
overnight fast. However, even though differences between an overnight fast and 90minute fast appeared to be minimal, a difference of 340 KJ/day might be of
physiological importance, especially in this age group where activity energy
expenditure is relatively small (Hill et al., 2003). Therefore, the use of predicted basal
metabolic rate was recommended for future studies where an overnight fast is not
feasible.

The findings reported in Chapter 3 were similar to a pilot study examining the
feasibility of room calorimetry in five 4- to 5-year-old children (Oortwijn et al., 2009).
Both studies reported that all children completed the activity protocol. The number of
children providing valid data for each physical activity intensity was approximately
80% in both studies. The inclusion of a familariasation visit, the use of information
booklets and the creation of a child friendly environment were common factors which
possibly influenced the feasibility of the protocol (Oortwijn et al., 2009). Including
these aspects in future room calorimeter studies in 4- to 6-year-old children is
recommended.
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To the candidate‘s knowledge, no previous studies have examined the validity and
reliability of measures of resting energy expenditure using room calorimetry in 4- to 6year-old children. As previously mentioned, in this study measures of resting energy
expenditure after having a light standardised breakfast were slightly higher compared to
measures of resting energy expenditure after an overnight fast (mean difference =
340KJ/day), although the difference was not statistically significant. The absence of a
significant difference might indicate that the increase in energy expenditure after a meal
(diet-induced thermogenesis) was negligible. Alternatively, the measurement of energy
expenditure by the room calorimeter may not have been sensitive enough to detect a
small decline in resting energy expenditure after having a meal, especially with only a
small sample size (n = 6). To examine the effect of a short 90-minute fast on resting
energy expenditure measured by room calorimetry in 4- to 6-year-old children in more
detail studies including bigger samples are needed.

8.1.2 Aim 2: the validity of existing ActiGraph and Actical equations and cut-points for
predicting physical activity energy expenditure and categorising physical
activity intensity among preschool-aged children
Chapter 4 and Chapter 5 were the first to examine the validity of current ActiGraph and
Actical equations simultaneously against the criterion method of room calorimetry in a
relatively large sample (n = 40) of preschool-aged children. None of the available
ActiGraph equations estimated energy expenditure accurately. However, the Pate et al.
(2006) energy expenditure equation showed reasonable estimates of energy expenditure
during moderate- to vigorous-intensity physical activity. In addition, the results reported
in Chapter 5 indicated that all Actical equations performed reasonably well when
predicting energy expenditure during moderate- to vigorous-intensity physical activity.
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Using two non-overlapping linear regression equations, one developed using data
collected during sitting and cleaning activities and the other based on data collected
during locomotion activities, resulted in improved energy expenditure predictions
during light-intensity physical activity. However, none of the examined equations
performed well over the range of intensities.

To date, this is the only known study examining the validity of current ActiGraph and
Actical energy expenditure equations simultaneously in an independent sample of 4- to
6-year-old children using room calorimetry as a criterion measure. However, one study
that validated ActiGraph energy expenditure equations using doubly labelled water as a
criterion measure reported that the Puyau et al. (2002) ActiGraph energy expenditure
equation underestimated total energy expenditure measured over 7 and 10 days for 3- to
4-year-old children and 5-year-old children, respectively (Reilly et al., 2006b). These
results were similar to those reported in the current study demonstrating the Puyau et al.
(2002) energy expenditure equation underestimated energy expenditure during lightintensity physical activity and moderate- to vigorous-intensity physical activity,
resulting in total energy expenditure being underestimated.

The results from the studies in this thesis suggest that the equations developed for the
Actical tend to be slightly more accurate at predicting energy expenditure during
moderate- to vigorous-intensity physical activities compared to equations developed for
the ActiGraph (see Figure 8.1). The increased accuracy of the Actical equations when
estimating energy expenditure during moderate- to vigorous-intensity physical activity
might be due to differences in the sensor and/or filter settings used by the Actical and
ActiGraph (Chen et al., 2012). The Actical uses an omnidirectional sensor, whereas for
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the ActiGraph only the vertical axis was used. Consequently, the Actical might, in
addition to movement on the vertical axis, be able to capture movements on the sagittal
and frontal axis as well. Furthermore, the band-pass filter used by the Actical is wider
on the higher end of the frequency spectrum than the filter used by the ActiGraph (i.e.
maximum of 3 Hz and 2.5 Hz, respectively) (Table 2.4). The width of the band-pass
filter has been shown to influence the outcomes when measuring higher intensity
physical activities (Chen et al., 2012). Differences between calibration studies, such as
included activities and criterion methods used have also been noted (Table 2.5).
However, clear differences in the sensitivity between the Actical and ActiGraph
moderate- to vigorous-intensity physical activity cut-point developed by Evenson et al.
(2008) (sensitivity = 54.9%; 95% CI = 53.5-56.4 and sensitivity = 45.7%; 95% CI =
44.3-47.1, respectively) have been reported in studies included in this thesis (Chapter 4
and Chapter 5). These cut-points were developed simultaneously and therefore, factors
such as the calibration protocol or the criterion method used should have had less
influence on the results. This might indicate that the Actical monitor is slightly more
sensitive compared to the ActiGraph when measuring moderate- to vigorous-intensity
physical activity.
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Figure 8.1 Comparison of ActiGraph and Actical energy expenditure equations * Statistically significant
difference with activity energy expenditure measured by room calorimetry (P < 0.0125)

The results found in this thesis showed that none of the accelerometer equations
performed well when predicting energy expenditure across all physical activity
intensities. Several factors may influence the ability of these equations to predict energy
expenditure over the complete range of physical activity intensities. Hip-mounted
accelerometers are limited in their ability to capture upper body activities such as
throwing a ball. In addition, they do not account for the increase in energy expenditure
which appears when walking up stairs (Freedson, Pober and Janz, 2005). Another factor
which appears to influence their accuracy is the statistical approach used to develop the
equation. Most equations have been developed using linear regression equations,
however the association between accelerometer counts and energy expenditure does not
appear to be linear (Staudenmayer, Zhu and Catellier, 2012). The results in this study
have demonstrated that using a double linear regression, that is, using one linear

159

Discussion
regression equation for lower intensity physical activities, and another one for higher
intensity physical activities (Heil, 2006), resulted in increased accuracy. This is in line
with findings from recent studies which show that more sophisticated approaches, such
as artificial neural networks, result in increased accuracy compared to conventional
single linear regression equations in children and adults (Staudenmayer et al., 2009;
Trost et al., 2012b). Increased accuracy was especially notable for light-intensity
physical activities and moderate- to vigorous-intensity physical activities
(Staudenmayer et al., 2009; Trost et al., 2012b).

The classification accuracy of available ActiGraph and Actical physical activity cutpoints was examined to answer the second research question of aim two. Using direct
observation as the criterion measure demonstrated that the cut-point of ≤ 25 counts per
15 seconds resulted in the best classification accuracy for sedentary behaviour when
using the ActiGraph accelerometer (ROC-AUC = 0.80). Using ≥ 420 counts per 15
seconds resulted in the best accuracy when classifying moderate- to vigorous-intensity
physical activity (ROC-AUC = 0.72). Results did not differ when a combination of
direct observation and measured energy expenditure was used as the criterion measure.
Consequently, the use of cut-points ≤ 25 counts per 15 seconds, between 26-419 counts
per 15 seconds, and ≥ 420 counts per 15 seconds were recommended when using the
ActiGraph to classify sedentary behaviour, light-intensity physical activity and
moderate- to vigorous-intensity physical activity, respectively, in preschool-aged
children.

For the Actical, one set of physical activity intensity cut-points performed best across
all intensities. The Adolph et al. (2012) cut-points of ≤ 25 counts per 60 seconds (ROC-
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AUC = 0.82) and ≥ 1150 counts per 60 seconds (ROC-AUC = 0.85) resulted in the best
classification accuracy when examining sedentary behaviour and moderate- to vigorousintensity physical activity, respectively. However, it has been suggested that epochs
shorter than 60 seconds may be needed to accurately capture young children‘s sporadic
physical activity patterns (McClain et al., 2008; Reilly et al., 2008). Therefore, the
Adolph et al. (2012) cut-points were adjusted and examined for 15-second epochs.
These analyses demonstrated that the Adolph et al. (2012) cut-points applied to 15second epochs were more accurate compared to all others. Therefore, using the Adolph
et al. (2012) cut-points adjusted for 15-second epochs was recommended when
examining physical activity intensity among preschool-aged children. These cut-points
were ≤ 6 counts per 15 seconds for classifying sedentary behaviour, between 7-286
counts per 15 seconds for classifying light-intensity physical activity and ≥ 287 counts
per 15 seconds for classifying moderate- to vigorous-intensity physical activity.

There are few studies that have examined the validity of multiple accelerometer cutpoints in preschool-aged children, making comparisons with other studies difficult. One
study examined the validity of four ActiGraph physical activity intensity cut-points in
4- and 5-year-old children and reported contrasting results with the study included in
this thesis. Kahan et al. (2013) reported that the higher cut-points of ≤ 372 counts per 15
seconds (Van Cauwenberghe et al., 2011) and ≤ 398 counts per 15 seconds (Sirard et
al., 2005) resulted in the most accurate estimates of time spent in sedentary behaviour
compared to direct observation. In addition, the moderate- to vigorous-intensity
physical activity cut-points of ≥ 420 counts per 15 seconds (Pate et al., 2006), which in
the current study demonstrated the best classification accuracy, was found to be least
accurate in the Kahan et al. (2013) study. These contrasting results are possibly due to
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the differences in study protocols, criterion measures and data analysis procedures used.
The studies described in Chapter 4 and Chapter 5 used a standardised physical activity
protocol, whereas in the Kahan et al. (2013) study cut-points were validated during freeliving outdoor physical activity at preschool. Another difference which might have led
to inconsistent results between these two studies was the direct observation instruments
used. In the studies included in this thesis, video footage was coded using the CARS
direct observation tool to capture each change in physical activity intensity. Using video
footage instead of live-time coding enables observers to go back, review and recode an
activity if they were uncertain about the intensity of the observed activity initially,
resulting in greater measurement scrutiny. Kahan et al. (2013) used live-time coding
from the OSRAC-P which requires, for each 30 second observation period, observing a
child for 5 seconds and then noting down the observed physical activity intensity over
the next 25 seconds. This results in only two 5-second samples during one minute of
observation. Comparing these 5-second intervals to accelerometer data collected in 15second epochs might have influenced the findings. For example, it is possible for
children to engage in sedentary behaviour during the 5 seconds of observation, after
which they might increase their physical activity intensity to light, moderate or
vigorous. The ActiGraph would capture this increase, resulting in a higher total amount
of counts over 15 seconds than when children would be sedentary for 15 seconds.
Comparing this 15-second epoch (of which 10 seconds were of greater intensity than
sedentary behaviour) to the 5 seconds coded as sedentary would therefore result in a
higher sedentary behaviour cut-point being more accurate compared to a lower cutpoint.
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Another study comparing ActiGraph physical activity intensity cut-points among 5- to
15-year-old children reported similar results to those reported in this thesis (Trost et al.,
2011). Trost et al. (2011) reported ≤ 25 counts per 15 seconds to be the most accurate
cut-point when classifying sedentary behaviour (ROC-AUC = 0.80 and 0.90 for the
current study and the study by Trost et al. (2011), respectively). When examining
moderate- to vigorous-intensity physical activity, a cut-point of ≥ 574 counts per 15
seconds (ROC-AUC = 0.90) was found to perform best in 5- to 15-year-old children
(Trost et al., 2011). The current study found a slightly lower moderate- to vigorousintensity physical activity cut-point (i.e. ≥ 420 counts per 15 seconds; ROC-AUC =
0.72) to be more accurate. However, differences exist between preschoolers‘ and
school-aged children‘s physical activity patterns and physiological and biomechanical
factors (e.g. gait patterns), which are thought to influence the association between
accelerometer output and energy expenditure during childhood (Trost, 2007). Therefore,
the finding in this thesis that a slightly lower cut-point was more accurate for classifying
moderate- to vigorous-intensity physical activity in preschool-aged children than in
older children is plausible. This might indicate the need for age-appropriate cut-points.

Comparing the ActiGraph and Actical cut-points for measuring sedentary behaviour
indicated that the classification accuracy of ≤ 25 counts per 15 seconds for the
ActiGraph (Evenson et al., 2008) and the ≤ 6 counts per 15 seconds for the Actical
(Adolph et al., 2012) were similar (ROC-AUC = 0.80 for both). However, when
measuring moderate- to vigorous-intensity physical activity, using ≥ 287 counts per 15
seconds for the Actical (Adolph et al., 2012) resulted in significantly better accuracy
compared to using ≥ 420 counts per 15 seconds for the ActiGraph (Pate et al., 2006)
(ROC-AUC = 0.80; 95% CI = 0.80-0.81 and ROC-AUC = 0.72; 95% CI = 0.71-0.72,
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respectively). The difference in classification accuracy was mainly due to the increased
sensitivity of the Actical ≥ 287 counts per 15 seconds cut-point compared to the
ActiGraph ≥ 420 counts per 15 seconds cut-point (sensitivity = 71.0%; 95% CI = 69.772.3 and sensitivity = 54.2%; 95% CI = 52.8-55.7, respectively). As previously
mentioned, this increase in sensitivity was also seen when comparing the classification
accuracy of the Actical and ActiGraph Evenson et al. (2008) cut-points reported in this
study (sensitivity = 54.9%; 95% CI = 53.5-56.4 and sensitivity = 45.7%; 95% CI =
44.3-47.1, respectively). These cut-points were developed simultaneously and therefore,
factors such as the calibration protocol or criterion method used should have less
influence on the results. This might indicate that the Actical monitor is slightly more
sensitive for measuring moderate- to vigorous-intensity physical activity compared to
the ActiGraph. Nevertheless, with most national physical activity guidelines for
preschool-aged children being operationalised as time spent in total physical activity
(i.e. light- to vigorous-intensity physical activity) (Department of Health, 2011;
Department of Health and Ageing, 2009; Pate, 2012; Tremblay et al., 2012a) the
classification of total physical activity intensity, which is the inverse of sedentary
behaviour, might be of more interest when assessing free-living behaviours.

Finally, an increasing number of studies has shown promising results when using
pattern recognition approaches to assess physical activity, sedentary behaviour and
energy expenditure among children and adults (Staudenmayer et al., 2009; Trost et al.,
2012b). However, more calibration and validation work is needed before such methods
can be used for data collected in large field-based studies among preschool-aged
children. Therefore, the accurate classification of sedentary behaviour and physical
activity using cut-points will remain an important issue for researchers.
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8.1.3 Aim 3: the validity of the activPALTM for determining time spent in different
postures, physical activity intensities and estimating physical activity energy
expenditure
Results reported in Chapter 4 and Chapter 5 demonstrated that the ActiGraph and
Actical exhibited fair to good classification accuracy for classifying physical activity
intensity. However, a limitation of hip-mounted accelerometers is their inability to
differentiate between sitting and standing still (Chen et al., 2012). Therefore, Chapter 6
examined the validity of a thigh-mounted accelerometer (i.e. the activPALTM) when
measuring postural positions, time spent sedentary (i.e. sitting) and breaks in sedentary
behaviour in preschool-aged children using the criterion measure of direct observation.
The activPALTM demonstrated good classification accuracy for sedentary behaviour
(ROC-AUC = 0.84), whereas classification accuracy for standing (ROC-AUC = 0.76)
and walking (ROC-AUC = 0.73) were found to be fair. Nevertheless, time spent in
sit/lie and stand was overestimated (mean difference = 5.9% and 14.8%, respectively)
and time spent walking was underestimated (mean difference = 10%). In addition, the
total number of breaks in sedentary behaviour was overestimated (mean difference =
35).

In the current study the activPALTM demonstrated good sensitivity (87.6%) and
specificity (81%) when examining sedentary behaviour (i.e. sitting). Previous studies
reporting on the accuracy of the activPALTM for classifying sedentary behaviour have
shown inconsistent results (Davies et al., 2012; De Decker et al., 2013). One study
reported lower values of sensitivity and specificity (53.8% and 67.5%, respectively) (De
Decker et al., 2013), whereas another reported high levels of sensitivity and specificity
(86.7% and 97.1%, respectively) (Davies et al., 2012). The main difference between
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these studies was the percentage of time spent in ‗other‘ postures (e.g. kneeling on one
knee, kneeling on hands and knees), with greater time spent in ‗other‘ postures
appearing to lead to a decrease in accuracy for assessing sedentary behaviour (Davies et
al., 2012; De Decker et al., 2013).

The reported overestimation of time spent sitting and standing by the activPALTM in the
study included in this thesis (5.9% and 14.8%, respectively) is in contrast with Davies et
al.‘s (2012) findings of an underestimation of 4% in sedentary time. As indicated above,
the main difference between these studies was the amount of time children spent in
‗other‘ positions. The results of the current study suggest that most of these ‗other‘
postures were classified as sitting by the activPALTM. This means that the more time
children spend in ‗other‘ postures the more time is classified as sedentary by the
activPALTM, possibly leading to an overestimation of sedentary time. Results of
classification accuracy reported in Chapter 6 confirm this finding, as specificity
decreased when ‗other‘ postures were included, meaning more epochs were falsely
classified as sedentary behaviour. Similarly, the activPALTM was found to overestimate
the number of breaks in sedentary time. These results are consistent with results
reported by Davies et al. (2012). It has been demonstrated that the minimum sit/stand
time has a significant effect on the accuracy of the activPALTM when estimating breaks
in sedentary time. Using a minimum of two seconds sit/stand time was found to result in
the smallest error relative to direct oberservation (Zubaida et al., 2013), whereas using a
minimum of one second was found to overestimate the number of breaks in sedentary
behaviour. Therefore, the reported overestimation of breaks in sedentary time by the
activPALTM in this thesis and the study conducted by Davies et al. (2012) might partly
be due to the use of a minimum sit/stand time of one second.
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The results of this study and others indicate that the amount of time children spend in
‗other‘ postures appears to considerably influence the accuracy of the activPALTM when
examining sedentary behaviour. As direct observation periods used in free-living
validation studies are often short (1 to 2 hours) they might not represent a typical day
(Davies et al., 2012; De Decker et al., 2013). Therefore, it is difficult to tell how long
preschool-aged children might spend in ‗other‘ postures each day. It is plausible that
preschoolers might spend more time in ‗other‘ postures compared to adolescents and
adults, because of the sporadic and intermittent nature of their physical activity
behaviour (e.g. playing with toys on the floor). In addition, Davies et al. (2012) reported
that during free play, more than half of the children crouched or sat on one knee and
almost half of the children crawled on at least one occasion during the one hour direct
observation period. This might have implications for the validity of the activPALTM in
this age group. However, the biological importance of ‗other‘ postures remains unclear.
Future studies are needed to examine whether these ‗other‘ postures might have a
meaningful influence on physiological outcomes and whether they need to be classified
as either sitting, standing or as a separate category. If the physiological effects of ‗other‘
postures are similar to sitting, the activPALTM might provide accurate estimates of time
spent sedentary. However, if these postures are more similar to standing, the
activPALTM appears to overestimate sedentary time.

While the activPALTM demonstrated good accuracy for classifying sedentary behaviour,
the practical utility of the activPALTM would be greatly enhanced if it were also able to
estimate energy expenditure and accurately measure moderate- to vigorous-intensity
physical activity. Chapter 7 examined the validity of the energy expenditure equation
embedded in the activPALTM software. The activPALTM equation overestimated energy
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expenditure during sedentary behaviour (mean difference = 6.0%), and underestimated
energy expenditure during light- and moderate- to vigorous-intensity physical activities
(mean difference = 15.3% and 32.8%, respectively). Further development of the
activPALTM embedded prediction equation is needed before it can be used with
confidence in studies examining energy expenditure among preschool-aged children.
Due to the fact that the activPALTM energy expenditure equation was not found to be
accurate in this age group, the development of alternative methods for classifying
moderate- to vigorous-intensity physical activity using the activPALTM were considered
to be necessary. Using ROC-curve analysis a cut-point of ≥ 1418 counts per 15 seconds
was identified, which exhibited excellent classification accuracy (ROC-AUC = 0.92). In
addition, validation of this cut-point in a separate sub-sample resulted in good
classification accuracy for moderate- to vigorous-intensity physical activity (ROC-AUC
= 0.88). However, further validation studies under free-living conditions are
recommended to confirm the classification accuracy of this cut-point.

No known studies have examined the validity of the activPALTM energy expenditure
equation nor has a cut-point been developed to classify moderate- to vigorous-intensity
physical activity in 4- to 6-year-old children. Therefore, comparisons are limited to a
single study examining the validity of the emdedded activPALTM energy expenditure
equation among 15- to 25-year-old females (Harrington, Welk and Donnelly, 2012).
This study found similar results; that is, the activPALTM underestimated energy
expenditure during higher intensity physical activities (Harrington, Welk and Donnelly,
2012). In addition, Chapter 4 and Chapter 5 demonstrated that approaches to predict
energy expenditure from accelerometry data based on a single regression equation (as is
the case in the equation embedded in the activPALTM software) appear to be inaccurate
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at estimating energy expenditure across the full range of activity intensities. Using a
double linear regression equation to estimate energy expenditure among 4- to-6-year-old
children proved to be more accurate. Therefore, more complex approaches that go
beyond single regression analysis might be needed to accurately predict energy
expenditure from activPALTM data (Bassett, Rowlands and Trost, 2012).

The developed cut-point in the current study (i.e., ≥ 1418 counts per 15 seconds) was
lower than the cut-point of ≥ 2997 counts per 15 seconds developed in 15- to 18-yearold girls (Dowd, Harrington and Donnelly, 2012). Nevertheless, the lower moderate- to
vigorous-intensity physical activity cut-point for preschool-aged children compared to
adolescents is consistent with findings for moderate- to vigorous-intensity physical
activity cut-points developed for hip-based accelerometers. The most accurate
moderate- to vigorous-intensity physical activity cut-points reported in Chapter 4 of this
thesis were slightly lower than the most accurate moderate- to vigorous-intensity
physical activity cut-point for older children and adolescents (Trost et al., 2011). Once
again, these findings suggest that age-specific cut-points might be most accurate for
classifying physical activity intensity among preschool-aged children.

8.2

Strengths and limitations

The studies described in this thesis were the first to: 1) develop and examine the
feasibility of a room calorimeter protocol in a relatively large sample of 4- to 6-year-old
children; 2) simultaneously validate current accelerometer energy expenditure equations
using calorimetry as the criterion method, and 3) develop and validate a moderate- to
vigorous-intensity physical activity cut-point for the activPALTM accelerometer using
calorimetry and direct observation as criterion methods. In addition, they were one of
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the first to simultaneously validate current physical activity intensity cut-points using
direct observation and calorimetry as criterion methods, and examine the validity of the
activPALTM for measuring postures. These studies used a relatively large sample of
forty 4- to 6-year-old children.

The activity protocol developed and used throughout the studies described in this thesis
included a variety of child-specific and developmentally appropriate ambulatory and
non-ambulatory activities. Activities ranged in intensity from sedentary behaviour to
moderate-to vigorous-intensity physical activities. Including a broad range of ageappropriate activities is in line with current best practice recommendations for activity
monitor calibration and validation studies (Bassett, Rowlands and Trost, 2012).
Appropriate criterion measures were used to assess physical activity intensity, sedentary
behaviour, energy expenditure, postures (i.e. sit, stand and walk) and postural changes
(i.e. sit to stand/walk and vice versa) (Bassett, Rowlands and Trost, 2012). The use of
room calorimetry to assess energy expenditure meant that children were not required to
wear a portable respiratory gas analysis device or a facemask. A facemask may not be
tolerated by all young children, potentially impacting on how a given activity is
performed. In addition, carrying the weight of the portable device might substantially
increase the energy expenditure of a given activity. Despite these strengths, some
limitations need to be taken into account when interpreting the results.

The two criterion methods used (i.e. room calorimetry and direct observation) both had
some limitations. Due to the gas mixing properties of the room calorimeter, the volume
of the room and gas-analysis accuracy, the ability to receive stable measures of energy
expenditure over a duration shorter than 10 minutes was limited (Schoffelen et al.,
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1997). This meant that it was not possible to compare accelerometer data (collected in
15-second epochs) with unique 15-second energy expenditure data. The use of direct
observation permitted the examination of data collected at 15-second epochs. However,
direct observation relies on subjective classification and general category descriptions to
assign intensity levels to activities. It has been shown that there is substantial variability
between children when measuring the energy expenditure of specific activities (Pate et
al., 2006; Trost et al., 2011), and this is not accounted for when using direct
observation. However, by combining both room calorimetry and direct observation, the
impact of potential misclassification errors associated with each of the criterion
measures was minimised.

Another potential limitation was that measures of resting energy expenditure where not
available in the studies included in this thesis. Resting energy expenditure measures are
most commonly taken after a 10- to 12-hour fast (Jackson, Pace and Speakman, 2007;
Ventham and Reilly, 1999). However, it was not considered feasible to ask preschoolaged children to fast overnight before completing a 2.5-hour activity protocol.
Therefore, the Schofield equation (Schofield, 1985) was used as a proxy measure of
resting energy expenditure which might have influenced the results. Nevertheless, the
Schofield prediction equation (Schofield, 1985) has been shown to be valid for
estimating resting energy expenditure in preschoolers (Firouzbakhsh et al., 1993) and
has been used for the same purpose in activity monitor validation studies in older
children (Reilly et al., 2006b; Trost, Way and Okely, 2006; Trost et al., 2011).

The confined space of the room calorimeter and the standardised activity protocol used
throughout the studies in this thesis are two other factors that should be taken into
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account when interpreting the results. The ability to represent children‘s free-living,
intermittent physical activity patterns may have been affected, limiting the ability to
generalize the findings to free-living conditions. Nevertheless, by including
developmentally appropriate, free-living activities and conducting the study with
preschool-aged children, the limited space might have had less influence on
participants‘ activity behaviour compared to older children or adolescents.

Finally, the studies in this thesis did not examine pattern recognition data analysis
approaches which might soon replace current methodologies for estimating energy
expenditure and classifying physical activity intensity (Freedson et al., 2012). However,
until pattern recognition techniques become more widely available, the use of cut-points
to classify sedentary behaviour and physical activity will remain an important issue for
researchers, especially for those involved in longitudinal epidemiology studies using
data that have already been collected to examine how child exposures are associated
with disease outcomes later in life. Therefore, identifying which equations and cutpoints are most accurate in preschool-aged children remains an important priority for
current and future physical activity research.

8.3

Implications for future research

Chapter 3 has shown that room calorimetry can be used to measure energy expenditure
in preschool-aged children. The developed protocol might assist future users of room
calorimetry in planning how, or whether, to use room calorimetry in 4- to 6-year-old
children. The findings of this study have shown using room calorimetry is feasible.
Therefore, the use of room calorimetry may be considered an option when examining
energy expenditure during simulated free-living activities in preschool-aged children.
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However, approaches for measuring resting energy expenditure using room calorimetry
in 4- to 6-year-old children will need to be examined in more detail. Nevertheless, the
use of room calorimetry could potentially improve the measure of energy expenditure in
a wide variety of physical activity and nutrition studies, including accelerometer
calibration and validation studies, in 4- to 6-year-old children.

There has been considerable inconsistency in the data analysing processes used when
measuring physical activity, sedentary behaviour and energy expenditure among studies
using accelerometry in 4- to 6-year-old children. Chapter 4 to Chapter 7 aimed to clarify
some of the issues that may have contributed to these inconsistencies. Chapter 4 and
Chapter 5 evaluated the validity and accuracy of currently available energy expenditure
equations and physical activity and sedentary behaviour cut-points and equations. This
information should assist researchers in determining the most appropriate equation or
cut-point to use in relation to their research question. Increasing consistency will
improve the ability to compare results between studies, and will affect many areas of
physical activity and sedentary behaviour research. It will result in more comparable
findings between studies, which should result in an evidence base that is more accurate
and definitive. Increased and more accurate evidence will lead to the opportunity for
researchers to better inform policies and develop approaches to increase physical
activity and decrease sedentary behaviour.

In addition, Chapter 6 and Chapter 7 examined the validity of the activPALTM
accelerometer, which has emerged as a tool that might be potentially valuable for
measuring sedentary behaviour. The findings from this thesis indicate that the
activPALTM is a valid tool for measuring sedentary behaviour in 4- to 6-year-old
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children. However, care should be taken when interpreting the data from this device as
the accuracy of the activPALTM seems to be dependent on the time spent in ‗other‘
postures. Currently, it is unclear how these ‗other‘ postures affect preschool-aged
children‘s health and whether they should be classified as sitting or standing. Therefore,
it is difficult to make conclusions about the validity of the activPALTM when examining
postures. Future studies are needed to examine the physiological importance of these
‗other‘ postures. Additionally, the practical utility of the activPALTM would be
enhanced if valid methodologies were available to use data from the device to also
assess moderate- to vigorous-intensity physical activity. The results reported in Chapter
7, which showed good classification accuracy when using the developed cut-point of ≥
1418 counts per 15 seconds, were promising. However, the developed activPALTM
moderate- to vigorous-intensity physical activity cut-point should be further validated in
free-living conditions to provide confidence that it can be used with accuracy in fieldbased studies.

It has to be noted that the results in the studies described in this thesis are dependent on
important methodological decisions made. Recently, a more standardised definition for
sedentary behaviour has been proposed (Sedentary Behaviour Research Network, 2012)
and several recommendations have been published for calibration and validation studies
(Bassett, Rowlands and Trost, 2012; Welk, 2005). Nevertheless, there are still
inconsistencies in the methodologies used which have led to discrepancies in results
reported by several studies. For example, multiple studies that have examined sedentary
behaviour have used a definition that has included both sitting and standing still (Martin
et al., 2011; Reilly et al., 2003; Van Cauwenberghe et al., 2011) whereas sedentary
behaviour has been defined as lying/sitting in other studies (Evenson et al., 2008; Pate
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et al., 2006). In addition, differences in activity protocols, energy expenditure units
(Pate et al., 2006; Puyau et al., 2002), and direct observation systems (Hislop et al.,
2012b; Van Cauwenberghe et al., 2011) have been noted. Last, a consistent definition of
moderate- to vigorous-intensity physical activity is lacking. There has been some debate
about the use of ≥ 3 versus ≥ 4 METs as the threshold for moderate- to vigorousintensity physical activity in children (Harrell et al., 2005; Ridley and Olds, 2008). To
overcome this limitation in methodological studies, it is important that future studies in
preschool-aged children use consistent methodologies, especially the definitions of
sedentary behaviour and moderate- to vigorous-intensity physical activity. In addition,
to progress the field, future studies should examine the validity of pattern recognition
approaches to assess energy expenditure and physical activity intensity in preschoolaged children.

8.4

Conclusions

The studies included in this thesis examined the accuracy of several methods to assess
physical activity, sedentary behaviour and energy expenditure in 4- to 6-year-old
children. The research conducted as part of this thesis has demonstrated that the use of
room calorimetry in 4- to 6-year-old children is feasible and provides reliable measures
of energy expenditure. However, more research is needed to assess the ability of room
calorimetry to measure resting energy expenditure in 4- to 6-year-old children.

The studies included in this thesis have reported large discrepancies in the accuracy of
current cut-points used to classify physical activity intensity. For the ActiGraph, using
cut-points of ≤ 25 counts per 15 seconds, between 25-419 counts per 15 seconds, and ≥
420 counts per 15 seconds, were found to be most accurate and were therefore
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recommended for classifying sedentary behaviour, light-intensity physical activity and
moderate- to vigorous-intensity physical activity, respectively. Likewise, Actical cutpoints of ≤ 6 counts per 15 seconds when classifying sedentary behaviour, between 7286 counts per 15 seconds when classifying light-intensity physical activity, and ≥ 287
counts per 15 seconds when classifying moderate- to vigorous-intensity physical
activity were found to be most accurate and were therefore recommended. The Actical
cut-point of ≥ 287 counts per 15 seconds appeared to perform slightly better than the
ActiGraph cut-point of ≥ 420 counts per 15 seconds when classifying moderate- to
vigorous-intensity physical activity. However, when examining total physical activity,
the Actical cut-point of ≥ 7 counts per 15 seconds and the ActiGraph cut-point of ≥ 26
counts per 15 seconds performed equally well. Therefore, when examining adherence to
current international physical activity guidelines, which recommend that preschool-aged
children should spend ≥ 3 hours a day in total physical activity (Clarke et al., 2009;
Department of Health, 2011; Department of Health and Ageing, 2009; Institute of
Medicine of the National Academies, 2011; Tremblay et al., 2012a), the choice of
device does not seem to make a difference.

The findings in this thesis indicated that none of the equations developed for the
ActiGraph, Actical or the activPALTM performed well in estimating energy expenditure
across the range of physical activity intensities in 4- to 6-year-old children. However,
the ActiGraph equation developed by Pate et al. (2006) and the Actical equations
developed by Heil (2006), Pfeiffer et al. (2006) and Puyau et al. (2004) all appeared to
provide estimates of energy expenditure during moderate- to vigorous-intensity physical
activity that were acceptable. Therefore, these equations could be used when examining
energy expenditure during moderate-to-vigorous intensity physical activities.
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Nevertheless, further assessment of these equations is needed for them to be used with
confidence across a broad range of free-living physical activity.

Using the activPALTM resulted in good classification accuracy for assessing sedentary
behaviour. However, the accuracy seems to depend on the amount of time children
spend in ‗other‘ postures. In addition, when examining breaks in sedentary behaviour
the activPALTM appears to be less accurate. Findings related to the classification of
moderate- to vigorous-intensity physical activity demonstrated that using a cut-point of
≥ 1418 counts per 15 seconds appeared promising. However, future studies are needed
to validate this cut-point among 4- to 6-year-old children in free-living conditions.

Finally, this thesis aimed to provide recommendations around the most accurate
methods which, if implemented consistently in future research studies, could improve
measurement accuracy and comparability between studies. It is important that
researchers firstly base their decision on the question: ―What do I want to measure?‖
When using the ActiGraph or Actical to measure physical activity intensity and/or
adherence with current guidelines in preschool-aged children, the cut-points identified
as most accurate in this thesis would be recommended as the best available approach.
However, if interested in time spent sedentary, the activPALTM might be an appropriate
alternative choice that has acceptable validity in this age group. Finally, approaches
more refined than single linear regression equations might be needed to accurately
predict free-living energy expenditure from accelerometer data in preschool-aged
children.
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